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ABSTRACT 


The thesis surveys the principles of measurement 
of magnetic susceptibility anisotropy in rocks and its 
application to petrofabric analysis. A new spinner 
instrument of very Haven See Snr ae is described and 
sample measurements on sandstone specimens are presented. 
In addition a differential transformer for measuring bulk 
susceptibility is described. 

Chapter 1 summarizes physical fundamentals of 
susceptibility anisotropy and discusses its applications 
in geology. Several ways in which rocks acquire aniso- 
tropy in magnetic susceptibility are discussed. Case 
histories are described. 

Chapter 2 turns specifically to instrumental 
methods developed by previous workers. Sensitivity limits 
are derived for torque-meters and for A.C. bridge type 
instruments. Maximum sensitivity and other limiting 
parameters for Eee instrument are defined in terms of 
Magnetic properties and grain statistics in rocks. 

Chapter 3 develops the design of a magnetic 
circuit in which an anisotropic rotating specimen produces 
variation of magnetic reluctance. Several types of trans- 
ducer are considered which could be used to produce elec- 
tric output from the flux variations. Theoretical sensi- 


tivity limits are calculated for each type of transducer. 


ay 7, 
his hodiroeeb et voila aie pig ean NE: 


botie2e%g sis eneminsge snosabnse. eer 


ae ne 7 7 i 
an 4 wilidtaqoveue - - . 
to elsinomebnst Isokteydq eos ixammge { xesqeeo a 7 
U 


snoitsotiags 23: eseeuneib bas yqousoetas ytilidtiqooeve 
-osins sadppos exooa dotiw af ayaw Iexove® i peeieald 
5269 ,beravoerb ots ySritditqesoaue os senee, tab ney, 
bodiasesb sts esitoseid 
feteomuytant ot vilspitioseae eaazue S tadqsdo 
edimit ysivistense .eredrow euoivexg, yd pouoleveb aboritem ae 
say? ophixd .9.A 307 Bas exustom-supros tot baviizeb o15 
pritimil x9ijo bas ytivisttanea it sil sadnamaees 
Re gertet at beniteb oe tnomideni wen s 10% etotomsteg 
-ecApot mi zeoidetsate abssp bas eeisseqoag stenp6m 
oitsnpsm Bs to apieeb ails eqolsveb ‘€ tedgeAdD A 
eepuborq aemiosqe pnitstox. Poster eal sgt stan 
+enstt to aegys [siteve? .son 
-osls soubo1g of been neeaiiecd ra tw 


Vv 


In Chapter 4 a full description is given of the 
instrument which has been constructed. Provision is made 
for the use of various transducers. A set of coils near 
the specimen gives adequate sensitivity in terms of drift 
of the signal generated by the shaft assembly, which in 
practice limits the sensitivity. The rms noise level of 
the instrument with its shaft spinning outside the speci- 
men gap is about 4 x 10 i mks units. Fluctuations from 
the shaft and specimen holder increase the noise level to 
aboutel.5 Jx LOE mks units. Reliable measurement is 
possible at a level of 10° mks units. 

Chapter 5 gives an account of the assembly of 
the stator of the instrument, which includes the magnetic 
circuit and magnetizing and sensing coils. 

Chapter 6 describes the differential transformer 
used for measurement of bulk susceptibility. It allows 
measurement of diamagnetic substances in a one-inch 
cylindrical specimen. 

In Chapter 7 some results are presented for two 
sets of rock specimens, as a demonstration that the new 
instrument produces meaningful results at a very high 


sensitivity. 
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STATEMENT CONCERNING CONVENTIONS EMPLOYED IN THIS THESIS 


1 Units 

The units employed in this thesis are SI units, 
defined by the Eleventh General Conference on Weights and 
Measures in Paris in 1960. Electromagnetic units are 
included in parentheses where it is thought that this will 
help readers more familiar with these units. 

Although in the International System of Units 
magnetic susceptibility is a dimensionless ratio, the term 
"mksu" is used in order to avoid confusion with similar 
quantities expressed in electromagnetic units. 

A list of symbols with their definitions and 


units employed is included in Appendix 4. 


2 Projections 


All diagrams employing a projection are drawn 


using the azimuthal equal area or Schmidt projection. 
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CHAPTER 1 
FUNDAMENTAL PRINCIPLES AND GEOLOGICAL APPLICATIONS OF 


MAGNETIC SUSCEPTIBILITY ANISOTROPY IN ROCKS 


ii Fundamentals of the Magnetic PHOVELL Cae Ore Rocks 


All materials are magnetic to some extent. They 
may be classified as being diamagnetic, paramagnetic, or 
ferromagnetic, depending upon the principal mechanism 
causing the magnetization induced within the material. [In 
predominantly diamagnetic materials, in terms of simple 
Bohr theory, the electron orbits, together with their 
associated magnetic moments, precess about the field 
direction in such a direction as to produce a net magnetic 
field opposite to the imposed field. Therefore the 


magnetic susceptibility 


J 
Vie eld) 
H 


where J is the induced magnetization and H is the applied 
field, is always negative. In addition to the orbital 
motion, electrons in orbit also Spin on their own axes. 
The associated permanent magnetic moments tend to align 
themselves with an applied magnetic field. Electron spins 
tend to orient themselves in opposition, so that in atoms 
with even numbers of electrons there is no net reaction to 
a magnetic field. If there is an odd number, however, the 


unpaired electron can react to an applied magnetic field and 
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contribute to paramagnetism. The transition elements may 
have several unpaired electron spins, as many as five in 
the iron series. These materials are all paramagnetic. 
Since magnetization tends to be in the same direction as 
the applied field, the magnetic susceptibility is positive, 
and of the same order of magnitude aS diamagnetic suscep- 
Clb li ey. 

It is the ferromagnetic properties of minerals 
that are of most importance in studies involving rock 
susceptibility. When ions are brought together to form 
crystalline solids, the electron spins in adjacent atoms 
orient themselves in such a way as to minimize the exchange 
energy. In most substances this energy is minimized when 
adjacent electron spins are oppositely oriented. With some 
substances, however, a parallel configuration of spins is 
energetically Seer en ties As a result such materials are 
highly magnetic. The magnetic moment resulting from an 
array of these parallel spins does not depend on an exter- 
nally applied field, and the array therefore constitutes 
a permanent magnet. The magnetostatic energy in and around 
a crystal with parallel electron spins rises rapidly as the 
crystal dimensions increase. In order to minimize this 
energy, zones of oppositely, or at least unequally, oriented 
Magnetization are formed adjacent to each other. Groups of 
these zones then form small closed magnetic circuits which 


Minimize the magnetostatic energy while increasing the 
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exchange energy at their boundaries. The dimensions of 
these zones, or domains, tend to be those which minimize 
the sum of magnetostatic and exchange energy. 

If the magnetic moments of all the ions in the 
lattice tend to point in the same direction, the material 
is said to be truly ferromagnetic. Examples are metallic 
iron, nickel, and cobalt. If some of the moments are 
antiparallel to others, the material is said to be ferri- 
magnetic. Magnetite Oe e) is one important example. 

In the special case in which the ions of the lattice are 
divided into two equal antiparallel sublattices, so that 
there is no residual moment, the material is termed anti- 
ferromagnetic. Hematite pore) is such a material. 
Hematite also has a weak ferromagnetism superimposed on its 
anti-ferromagnetic structure. This is thought to be due to 
imperfect antiparallel alignment or to a small parasitic 


component of ferromagnetism (Irving, 1964). 


1.2 Magnetic Susceptibility Anisotropy in Rocks 


MOSt rocks contain a small proportion, of’ ferri= 
magnetic or ferromagnetic minerals in particulate form. 
This fact makes it possible to use magnetic methods in 
petrofabric analysis. When a specimen of such a rock is 
placed in a weak magnetic field a magnetization is induced 
in it. In general the magnetization is a function of 


orientation of the specimen with respect to the applied 
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field. For many rocks the relationship between applied 
field and induced magnetization may be usefully approxi- 


mated by the relation 
J. =k..H. (lez) 


where: k,, = apparent magnetic susceptibility, 
a symmetric tensor of rank two 
J, = intensity of magnetization 


Hi = applied field. 


The subscripts (i, j) denote any two of three orthogonal 
specimen axes, and are used in the Einstein convention. 
Note that the symbol xX is used for intrinsic susceptibility 
of a material, while the symbol x is used for apparent 
susceptibility of a grain or array of grains in a rock 
specimen. 

Anisotropy of susceptibility arises in rocks 
by two main mechanisms. One depends on the effect of shape 
of the magnetic grains on the susceptibility. Elongated 
grains of intrinsically isotropic materials produce aniso- 
tropic susceptibility in this way. Cubic minerals in mag- 
netic fields of low intensity are in this category. The 
other mechanism depends on magnetocrystalline anisotropy 
in materials like hematite, coupled with an anisotropic 
crystal habit. Most studies have involved the shape aniso- 
tropy, although the magnetocrystalline anisotropy has been 


studied (Hargraves, 1959; Fuller, 1960, 1963; Porath, 1966; 
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Hrouda and Janak, 1971). Even a weak alignment of magnetite 
grains of average elongation produces a much stronger aniso- 
tropy than a near-perfect alignment of hematite basal planes, 
unless the volume fraction of hematite in the rock specimen 
is several times that of the magnetite (King, 1966). 

Shape anisotropy arises because of the inequality 
of the demagnetizing factors in different directions across 
non-equidimensional magnetic grains. The intensity of mag- 


netization J in one direction can be expressed as 


x Hats 


X(H-NJ) (es) 
This can be rearranged to give 


XH 
2) Aerermmmeagra (1.4) 


1+ NX 


where: Kk = apparent susceptibility 
= external field 
= intrinsic susceptibility of the 
ferromagnetic material 
H.. = effective magnetizing field 
N= demagnetizing factor. 
In general, the demagnetizing factors of irregular grains 


are difficult to calculate. However, real grain shapes may 


be realistically approximated by ellipsoids of revolution 
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whose demagnetizing factors are known (Bozorth, 1951). 
Although the ellipsoid of revolution may not closely ap- 
proximate the shape of a single grain, the resultant sus- 
ceptibility of the rock specimen containing many grains 
often very nearly approaches that of an ellipsoid. The 
closeness of fit probably results from cancellation of 
random components of susceptibility due to grain irregu- 
larity. The susceptibility tensor may then be represented 
by an ellipsoid, with the maximum, intermediate, and min- 
ImunevaluessOLesusCepEIDIIityeKs, Kp), and Ko, respectively, 
corresponding to the principal axes. 

Consider a single spheroidal grain having minimum 
and maximum demagnetizing factors N, andN,, respectively. 
It is placed in a uniform field H with the long axis at an 
angle 6 from the field direction. One can resolve the 
induced magnetization into components along the two princi- 


DalvaxeS. Prom shgq. 24, 


X H sind 
iL S SS SS 
1+XN, 
(1.2753) 
X Hcos@ 
5, =-—-— 
1 +XN, 


In order to find the apparent susceptibility, one needs to 
find the component of magnetization in the direction of 


the applied field. The susceptibility «, parallel to H is 
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a  — (1.6) 
1+ XN, 


Now the term in the inner brackets is 


1 + XN, Le xX NOE x (NL-N,) 
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For small values of anisotropy the demagnetizing factors in 
the denominator may be replaced with a mean demagnetizing 


factor, namely that for a sphere, which is 0.33. 


x?(NL-N.) 
K, (@)= as pews oven ce 20 (0) 


Also, for small values of anisotropy, the term (NL-N) can 
be expressed (Stacey, 1960-a) in terms of [1 -(B)?) where 


a is the major semiaxis and b is the minor semiaxis of the 
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Therefore Eq. 1.10 becomes 
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For a single magnetically isotropic grain of 


spheroidal shape, the anisotropy factor € is defined as 


dactel. 
Kh 
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1 + XN, 
1+ XN, 
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Stoner (1945) described the method of calculating the demag- 
netizing factor, and tabulated the numerical values of N, 


and N, for prolate and oblate ellipsoids of revolution. He 
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shows that the anisotropy due to shape is very small when 
bulk susceptibility is small. This can be shown by re- 


arranging Eq.ad:13 


1+XN, 


1+XN, 


1 +5 X (NitN.) 
1+ XN, 


(since for spheroidal grains N. SN2 ) 


1+ 3x(1-N,) 
a (1.14) 
Lata INS 


(since N, +N, +N. = 1) 


Therefore if intrinsic susceptibility is, say, ‘KOT the 


maximum anisotropy factor is ¢ = 1.005 at N, = 0. N, being 
zero implies an infinite dimension ratio of a prolate 
ellipsoid of revolution. It is for this reason that minerals 
of the ferrimagnetic magnetite-ulvospinel series are by far 
the most important contributor to the susceptibility aniso- 
tropy of rocks. Khan (1962) showed that the magnitude of 
susceptibility anisotropy in rocks can be accounted for by 
the shape anisotropy of a very small proportion of magnetite 
or titanomagnetite in them. The intrinsic susceptibility of 
natural multicrystalline magnetites varies considerably 


depending on impurities which block domain wall movement and 


thereby decrease susceptibility. A value determined by 
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Uyeda et al (1963) was 9.4 mksu. Werner (quoted by Strang- 
way, 1967) has measured susceptibility values ranging from 
5.0 mksu to 35.1 mksu. Hematite, with an intrinsic suscep- 
tibiae tye of about we mksu, can generate very little 
susceptibility anisotropy through shape effects. Similarly, 
diamagnetic materials seem quite isotropic, no matter what 
the grain elongation and alignment may be. For a fixed 
ratio of dimensions of the principal elongation axes, the 

€ factor approaches a limiting value asymptotically as «x is 
increased. Uyeda et al. (1963) tested the ellipsoidal 
approximation by measuring the demagnetizing factors of 
cylindrical specimens of various dimensional ratios from 
polycrystalline magnetite ore. They found quite good agree- 
ment with the approximation. 

Stacey (1960) has investigated anisotropy of sat- 
uration magnetization. It, also, is due to differences in 
demagnetizing factor and, in favorable circumstances, cal- 
culations based on its measurement yield the same fabric as 
those based on anisotropy of susceptibility. In this case 
the anisotropy is expressed as directional differences in 
the energy of saturation magnetization, rather than direc- 
tional differences in the intensity of magnetization for a 
given applied field. 

The susceptibility ellipsoid may be completely 
specified: by the magnitudes of its principal axes k,, Ky or 


and K., and their directions. For convenience, the direc- 
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tional information is expressed in terms of maximum and 
Minimum susceptibility, often displayed stereographically. 
The magnitude information is expressed in suitable combina- 
tions of the three principal values (Hamilton and Rees, 
1971). The main combinations are magnetic lineation 

=a Kona Kp (eas) 
and magnetic foliation 

Koen 
f = —— -k, (i. 6) 
2 


The extent to which the susceptibility ellipsoid approaches 
a prolate, rather than an oblate, shape can be represented 


by the factor P(Khan, 1962) where 


b 
| nail ceo Gaby) 
eas ait 


When P>1 prolateness predominates. When P< 1 oblateness 


predominates. The quantity 


(ay 1S) 


may be used to compare the degree of alignment, in a general 

sense, of one sample with that of another containing the same 
minerals. For most rocks, h is substantially independent 

of the volume fraction of magnetic mineral. Closely related 


to P is the factor q, where 


|, ‘ =H > a 
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1 
q = — 
f 
ues Ky 
= a ra er a Te, (r. 19) 
aK, +K, ) ae 


It indicates the relative importance of the fabric elements 
of lineation and foliation, and hence can be used for com- 
Pat InGet toe Lalit Comores Glutereitp rocks Qe lseCacctitadt ly 
independent of the volume fraction of magnetic mineral, 

and varies only slowly with bulk susceptibility. 

When the intrinsic susceptibility of a magnetic 
particle is less than unity, the shape effect is not as 
easily observed and, if the crystal is not cubic, the 
crystalline anisotropy predominates over any shape effect 
there may be. Examples of this are pyrrhotite, hematite, 
and the rhombohedral ilmenite-hematite series. In rocks 
where some mechanism has preferentially aligned crystal 
axes, the crystalline anisotropy may be used to advantage 
in determining the rock fabric (Hrouda, 1971). Because of 
the very large ratio of maximum to minimum susceptibility, 
often greater than 100, of hematite in weak fields, magnet- 
ization remains essentially in the most susceptible planes 
regardless of the direction of the applied field. When the 
field is sufficiently large to saturate the rock in certain 
directions, the nonlinear effects become clear (Porath, 1966). 


This extremely strong crystalline anisotropy makes it 
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possible, in principle, to distinguish two or more linea- 
tions within a single structure, provided sufficiently high 


BreildsS lareinised enclhacm Siifurcthermidivscussed finrSectiion 7.6. 


1.3 GeologicalAppl ications tofxMagnet icicSusceptibrli ty 
Anisotropy 


Measurements of anisotropic susceptibility of 
rocks have been used successfully to estimate the direction 
and degree of preferred orientation of elongated magnetic 
particles which are constituents of the rock material. 

This orientation, as well as many other rock fabric ele- 
ments, may be a result of forces acting during rock forma- 
tion or alteration. A study of fabric elements which 
result from these forces may be used to provide information 
about the nature of the forces. 

Conventionally, grain orientation studies have 
been done by specifying orientation of individual particles 
in oriented thin sections, using a microscope or enlarged 
photographs. This method is both tedious and potentially 
misleading. The orientation of detrital quartz grains 
depends on grain shape rather than crystallography, and 
shape orientation is usually more difficult to determine. 
Specification of the longest apparent axis requires con- 
Siderable care, Since quartz grains are Seddiiderab in 


irregular in shape. Although most such work is done in 
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two dimensions, a few investigators have used binocular 
microscopes and multi-axis stages to determine the three- 
dimensional orientation of long axes (e.g. Rusnak, 1957). 
Grain counts of between 100 and 200 are commonly used. 
Aggregate methods depend on the anisotropy of a 
bulk parameter which correlates in some way with the grain 
fabric. These methods are appealing because of their 
relative ease of determination and the fact that they 
effectively integrate the directional information from a 
much larger number of grains than would be examined indivi- 
dually. Magnetic susceptibility is one such bulk parameter 
whose anisotropy correlates well with grain alignment. 
The grains whose alignment is correlated with susceptibility 
are, of course, grains of magnetic accessory minerals, not 
the major rock minerals. Other parameters which have been 
investigated include dielectric coefficient, monochromatic 
light transmissibility (for thin sections), and sonic 


transmissibility. 


1.4 Previous Studies of Susceptibility Anisotropy 


Ising (1942) was the first to make extensive use 
of magnetic susceptibility anisotropy in petrofabric stud- 
ies. He worked on a series of clay varves in southern 
Sweden. Ising's measurements were done mostly with a tor- 


sional magnetometer. They established that the two princi- 
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pal axes lying in the horizontal bedding plane possessed 
about 10 to 20% higher susceptibility in the bedding plane 
than the axis normal to the plane. The high susceptibility 
in the bedding plane was ascribed to purely mechanical 
actions on the elongated and plate-shaped grains during 

and after their deposition. Ising suggested that magnetic 
lineation direction would be controlled by the earth's 
magnetic field. 

Graham (1954) suggested that susceptibility 
anisotropy measurements could be used to solve many other 
problems in petrofabrics and structure. As an example, he 
noted a correlation between the orientation of the suscep- 
tibility ellipsoid orientation with that of a fold axis, 
throughout the fold, of a ferruginous sandstone. He also 
found some diabase dykes showing 0.1 to 10% anisotropy. 

Granar (1958) followed up Ising's measurements 
on the Swedish varves. He showed that there was a notice- 
able magnetic foliation approximately parallel to bedding. 
Granar's work did not confirm Ising's hypothesis concerning 
the relation between the geomagnetic field and any magnetic 
lineation. Rather, he tried to relate magnetic lineation 
with palaeocurrent directions, but with mixed results. 

Six major factors have been identified as affect- 
ing magnetic fabrics in sediments (Rees et al. 1968). 


1. Gravity tends to align all elongated sediment 
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grains, including magnetic ones, with the horizontal plane. 
Its orienting effect is a function of the product of part- 
icle weight and linear dimensions, and hence is proportional 
to the fourth power of particle dimension. A planar struc- 
ture results which has been called magnetic foliation (Rees, 
1966). In the absence of another orienting force, the 
longest axes are randomly distributed in the horizontal 
plane, allowing only a statistical lineation. Values of q, 
therefore, are very low. 

2. Water currents create hydrodynamic couples 
on all elongated grains. Their aligning effect is a func- 
tion of the product of cross-sectional area of the parti- 
cle, the velocity difference between its extremities, and 
the linear dimension (Hamilton and Rees, 1971). The force 
is therefore proportional to the fourth power of particle 
dimension, as it is for gravity. Water currents produce 
a magnetic lineation by alignment of long axes of grains 
with the current direction (Rees, 1961,° 1965; Hamilton, 
1963, 1967; Galehouse, 1968). Rees (1965) noted a case of 
lineation normal to the current direction. Either type of 
lineation will be superimposed on a gravity-produced 
magnetic9foliation. Observed values of q range up to 0.5. 
Very similar susceptibility patterns are noted in glacial 


tidiism (Funder ,i11962). 
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3. The geomagnetic field produces an orienting 
effect which is a function of the magnetic moment induced 
in the particle being oriented. Since this moment is 
proportional to particle volume, the orienting force is 
proportional to the cube of particle dimension. It is 
therefore much weaker than the forces due to gravity and 
current flow, except for very fine sediments. This has 
been demonstrated experimentally in flume deposits (Rees, 
£96] jHamad ton; 11967). 

4. When sediments are deposited on slopes whose 
angle is less than the angle of repose of the sediment, the 
component of gravity tangential to the slope produces a 
magnetic lineation which is superimposed on the normal 
gravity-produced magnetic foliation. Rees (1966) demon- 
strated this effect in the laboratory for still-water 
deposition. The intensity of the lineation increases with 
the angle of the slope and approaches the intensities 
caused by running water. For slopes just greater than the 
angle of repose, material avalanches downslope. Gravita- 
tional foliation ceases to be dominant and the minimum 
susceptibility is normal to the slope (Rees, 1968; Hamilton 
et al, l196Qe 

5. Post-depositional deformation was studied by 
Graham (1966) in his work on the Paleozoic rocks of the 


Valley and Ridge province of the Appalachian Mountains. 
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Three phases of deformation were distinguished. Strain 
resulting from stresses in the original magnetic foliation 
plane caused the magnetic lineations of individual speci- 
mens to rotate into ae close group normal to its line of 
action. Secondly, shortening of the line of action of the 
stress caused interchanging of the minimum and intermediate 
principal susceptibility axes. Finally, the maximum 
susceptibility axis became oriented normal to bedding and 
minimum susceptibility paralleled the compression axis. 
Crimes and Oldershaw (1967) point out that magnetic fabrics 
are quite sensitive to deformation, and often reveal 
deformation not otherwise visible. 

6. Non-systematic post-depositional deformation 
is exemplified by the action of plants and burrowing animals 
on a primary fabric. Their randomizing effect will degrade, 
Li mot destroy, the primary fabric. if the primary tabric 
has been completely randomized, only statistical alignment 
remains and Qe-20 0) methees ct al (1968) show an association 
between scattered principal axes of susceptibility, highly 
variable Q-values, and visible traces of organic activity 
in certain fine-grained sediments. 

There are indications in the paleomagnetic liter- 
ature that magnetic grains, under the influence of the geo- 
magnetic field, often rotate in sediment after its deposi- 


tion but while a large water content remains in it (Irving 
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andelaioL, 9.704) ,05 1S cact, Could, complicate all effects 
on bulk anisotropy produced during deposition of sediments. 
However, it does not necessarily follow that the deposi- 
tional fabric of susceptibility would be seriously degraded. 
This is because the susceptibility anisotropy is generated 
mainly by the larger particles, those which are oriented by 
hydrodynamic and gravitational forces. These particles 
have high specific susceptibility and low coercive force. 
On the other hand, it seems reasonable that the post- 
depositional detrital remanent magnetization reported by 
Irving and Major (1964) was due to alignment of extremely 
small particles exhibiting single-domain behaviour, and 
therefore having low susceptibility and high remanence per 
unit volume. It was shown by Morrish and Yu (1955) that 
elongated magnetite particles of axial ratio 10:1 or more 
could be single-domained for lengths up to several microns. 
For very small multi-domain grains the Barkhausen discrete- 
ness of the positions of the grain boundaries generally 
prevents them from being positioned in such a way that the 
grain retains zero magnetic moment. Such grains therefore 
behave in a manner similar to those having single domains. 
Stacey (1963) terms these pseudo-single-domain grains. He 
estimates the critical size for four-domain grains to be 
about 17 microns. Stacey (1967) has concluded that most 
rocks contain enough particles smaller than about 20 microns, 


in the case of magnetite, for these grains to dominate 
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their remanence. 

Khan (1962) examined the magnetic susceptibility 
anisotropy of igneous and metamorphic rocks. A number of 
Tertiary lava flows were examined and, although most showed 
widely dispersed principal susceptibility directions, some 
had the minima grouped tightly around the pole of the flow 
plane, with the intermediate axes parallel to the flow 
direction and the maxima normal to it, in the flow plane. 
Basic gqneisses were seen to have their maxima concentrated 
in the direction of visible lineations and minima normal to 


the visible foliation. 


1.5 Statistical Significance of Measured Susceptibility 


Anisotropy 


It is necessary to determine whether or not the 
susceptibilities which are measured or are measurable are 
Statistically significants? *Iin=any4 random? collection of 
elongated particles there is a statistically predictable 
alignment, resulting in a corresponding susceptibility an- 
isotropy. Stacey (1960-a) showed a similar result for 
random alignment of crystal axes for which no aligning 
mechanism was thought to exist. 

Consider n randomly distributed grains with volume 
V, each. The long axes of the grains may be treated as n 


randomly directed unit vectors. Rayleigh (1919) derived 


an expression for the probability that the vector sum would 


pret slit asi aE ae rel: 
omoe \anoktoatkb: Wilidttasceve Leqroniag powraqezb 
wolt sf%- to slog Snt Bavots yltdeit baqiioxy Amiatm 
wort Si Od Lolbstsd eoxé Sdsibeivetnk ort Ad tw veniig © 
aaiite Wott Sis nf ja8 09 Taito amibdam odd the nodseeaee 7 
beta tinsones emizem xe? aved od dase etsw assetowe phase | 7 
fenvon sttati bas enoisesnil sidielv to aokdusitb oft ak ' 
noidarfot ofdbetyv oid 

: 


gi Jou to wsittedw oatormeteb of yasenousa ef IT . 
exp sfdstiiésem sis to besvesom eas dot asitiiiditqeneaue 4 
i90. mottoel los mohbis1 yas nal ,.tnsollinpte yllevivadidass 
ebdssiobbexg yitesitetisys s ei stents asfoidisg betepaels : 
hs ypilididqscave entbsoqeezico 6 at pridivass «doonnphis 
x01 dfveex ssiimia 6 facta (o-088!) Yapsta yYqortoat 
TC enieitd or, dotdw 10% Soke Ledéyx9 to jasmeavile mobAes ’ 
Slate JHeLOT® coy makmncomm 5 
aZe: : (AMOK iss 5 el aie ont was y 


ae 


have any particular value. The 50% probability occurs at 
a vector sum of approximately ae - @ Therefore in a collec— 
tion of rock specimens one would expect to see a randomly 
directed grain alignment corresponding to an alignment of 
approximately n2 aligned grains in each specimen. Thus 
the total effective aligned volume is Vin 2. 

In nonsaturating fields, an assemblage of elong- 


ated grains with long axes aligned will show a directional 


apparent susceptibility kK: 


ex 
t= (ely? 0) 
Tee XN 
where: ¢€ = volume fraction of specimen occupied 


by the magnetic material 

X = intrinsic susceptibility of magnetic 
material 

N= demagnetizing factor of grains in the 
direction of susceptibility measure- 


ment. 


Given that the grains have, on average, minimum demagneti- 
zing factor N, and maximum demagnetizing factor N,, the 


apparent susceptibility anisotropy observed will be 
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For small anisotropies resulting from relatively small 
elongation of grains, N, and N, are both approximately 0.33, 
the demagnetizing factor of a sphere. The intrinsic sus- 


ceptibility of magnetite is about 10 mksu. Therefore 


100 «€ (NA -N, ) 


4 ~ 
dia Les ee An) 


= 5-65 €(N,-N,) GLA22) 


Stoner (1945) derived expressions for GN auNee) in terms of 

elongation ratio 2 ror small anisotropy, ( 2 near unity) 
2 

terms higher than the first power of E (02) | may be neg- 


lected. The relation then becomes 


b 2 
N,—N, = 0-2 | 1 - \— 


a 
b 
= 0.4 J = oe (i323) 
a 
SUDSTLTUtIngsthis into Eq. 1.22, one obtains 
b 
Ax = 2.361 I cae (1.24) 
a 


These relations may now be used to determine the 
minimum susceptibility anisotropy which may be considered 
Statistically significant. From data gathered by Mooney 
and Bleifuss (1953) the apparent susceptibility of magne- 


tite-bearing rocks follows approximately the relation 
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K = 3763 «1:01 mksu 


0.289 9 = emu/cm? (1,25) 


where € is the volume fraction of magnetite. Balsley and 
Buddington (1958) determined a similar relation which 
differed mainly in the exponent of ¢€, which they determined 
to be 1.33. If we can assume that the majority volume of 
magnetite consists of multi-domain grains, and that these 
are non-interacting, an exponent of unity may be taken 

for é«. Therefore, in a rock specimen of volume V, contain- 
ing a volume of magnetite.V_, the apparent susceptibility 


will be: 
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If the magnetite grains have an average diameter d, and 


fe 5 } : , 
hence average volume ‘- =—d , the number of grains is 
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(eles) 


Furthermore, since statistically we can expect an effective 


\% 
aligned volume Nerr® if no grain-alignment mechanism exists, 


the effective aligned volume Mh is 
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Ty fata? Vou 42 
6 nd 
V,,d°) 1 
7™Vnd ) 4 
- | | (1.28) 
6 
Thus, LOM nd a0) .22,0 susceptibility, anisotropy wil have a 
statistical minimum: 
Bs b 
Ax = 2.3643 -— 
a 
b 
aD od Va {a -=| 
V a 


Substituting Eq. 
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2.5 tom Vo 


Ak 


V. 6 a 
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19259,0 V x2 V. 6 a 
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standard specimen with diameter 2.5 cm and length 


5 3 


1.23 x 10° m. Therefore 
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Susceptibility (due to the ferromagnetic fraction as dis- 
tinct from the diamagnetic rock materials) as 10! mksu, 


the minimum statistically significant anisotropy is 


Axi] 15 solos, Oe mkeu (1632) 


It is possible, in principle, for the ferro- 
Magnetic component of the bulk susceptibility of a rock to 
be even less than 10e, mksu.e. In that case, even though the 
specimen might contain a geologically significant grain 
alignment, which it might if the grains were small enough, 
Lt would besvery dirticult to) identify it as being Signif— 
icant since the bulk ferromagnetic susceptibility would be 
swamped by the much larger diamagnetic susceptibility of 
most of the other rock materials. 

The graph in Figure 1.1 shows the minimum 
statistically significant anisotropy as a function of the 


bulk anisotropy and mean grain diameter. 


1.6 Ambiguities in Magnetic Data 


For a specimen showing only a foliation, or plane 
of preferred orientation, the equivalent magnetic ellipsoid 
is oblate, with its short axis perpendicular to the plane 
of foliation. If the specimen shows only a lineation, the 
equivalent magnetic ellipsoid is prolate, with its long 


axis parallel to the lineation. In general, however, the 
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Figure 1.1 


The lower limit to geologically-significant 
anisotropy set by statistical anisotropy for 
rocks containing pure magnetite of the grain 


Sizes indicated. Grain elongation is 5%. 
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observed magnetic ellipsoids have three unequal axes. 
Stacey et al.(1960) point out that there are several 
combinations of two foliations, two lineations, or one 
foliation plus one lineation which can be found to fit the 
same magnetic eraeecr an Whatever the combination present 
in a specimen, the magnetic ellipsoid merely averages the 
eflects wut. Darticular, hneyenole, .twonroblalLions pin 
different planes are equivalent to a single foliation 
between the two plus a lineation along their line of inter- 
Section. Also, a foliation plusla lineationwin. another 
plane appears magnetically as a foliation plus a lineation 
in a plane between the two. 

If two magnetic features are to be distinguished 
and both delineated, it is necessary to extract more infor- 
mation than is available from the second-rank tensor nor- 
mally obtained. This can be done, in special circumstances 
at least, by using the nonlinear magnetization characteris- 
tics of the magnetic materials involved. From Eq. 1.9 it 
can be seen that if X is either very large (X >» 3) or if 
it is constant, the apparent susceptibility variation is 
Sinusoidal. However, when a material such as magnetite 
saturates for part of the cycle, neither of these conditions 
holds. Any particular grain, or aligned array of grains, 
will have lower intrinsic susceptibility, and therefore 


lower apparent susceptibility, when the semimajor axis or 
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axes align with the applied field. The sinusoidal variation 
obtained in lower fields will be distorted in a manner like 
to that illustrated in Figure 1.2. If the signal is passed 
through a filter which removes only the fundamental fre- 
quency, the components remaining can hold sufficient infor- 
mation to define at least two separate fabric features. The 
applied field would, for optimum response, have to be ad- 
justed for optimum nonlinearity with the magnetic materials 
and average grain elongation present in the specimen. If 
the specimen susceptibility is low or the aspect ratio of 
the average grains is small, it would be necessary, with a 
spinner-type instrument, to electronically cross-correlate 
the higher harmonic content of the signal with that from a 
shaft-synchronous gating device. A torque-meter with its 
discrete readings probably would not suffice. 

The effects of harmonics due to crystalline 
susceptibility anisotropy should be separated from grain 
alignment if meaningful results are to be obtained. Effects 
from different minerals (e.g. hematite) can be distinguished 
by their different coercive force and saturation flux den- 
Sity, and hence the different behaviour when the bulk ap- 
plied field is changed. Statistical crystalline alignment 
of the magnetite particles being observed cannot be as 
readily distinguished. However, if the magnetite grains are 


sufficiently small and the bulk susceptibility is sufficiently 
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Figure 1.2 


Qualitative effects of saturation of elongated 
grains. In the upper diagram the solid line 
indicates signal flux using low, nonsaturating 
field intensity. The dashed line indicates 
Signal flux for a field intensity which produces 
an appreciable variation in intrinsic suscep- 
tibility as the specimen rotates. The lower 
diagram shows the difference between the two 


Signal fluxes shown in the upper diagram. 
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high (that is, magnetite grains are sufficiently numerous) 
the effects of statistical crystalline alignment (Stacey, 


1960-a) may be negligible compared to the effects observed. 


CHAPTER 2 
PREVIOUS INSTRUMENTS USED FOR MAGNETIC 


SUSCEPTIBILITY ANISOTROPY STUDIES 


22. The Torque Method 


Ising (1942) describes a torsional magnetometer 
which measures magnetic anisotropy in terms of the couple 
acting on a sample suspended in a magnetic field. More 
recently Granar (1958) used an instrument of this type in 
rock fabric studies. King and Rees (1962) describe two 
variations of Granar's magnetometer, one of which has a 
theoretically-predicted sensitivity of 10” mksu at fields 
of about 1600 amp/meter. 

In torsional magnetometers of the suspended 
specimen type, the specimen is suspended from a fine fiber 
in a region where a uniform horizontal magnetic field is 
established. This is usually done with a Helmholtz coil 
pair, but for large applied fields it can be done with 
iron-cored coils. When a current is passed through the 
coils, a torque is produced on the specimen which tends 
to rotate it so as to align the direction of maximum 
susceptibility with the direction of the applied field. 
The magnetostatic energy within the specimen and its 
Surroundings is minimized when such alignment exists. 
Furthermore, if there is any remanent magnetization within 


the specimen, a further torque will tend to align it with 
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the applied field. 

It is necessary for the measuring instrument to 
distinguish between torque produced by susceptibility aniso- 
tropy and that due to remanence. If possible, the latter 
should be eliminated. This may be done by making the applied 
field alternate at a frequency well above the torsional 
resonant frequency of the specimen with suspension system. 
The torque due to remanence will then alternate in direction 
and because of the high frequency of the direction reversals 
the specimen will not deflect appreciably in response. The 
susceptibility anisotropy torque will remain in the same 
direction, however. This is because the induced moment 
changes in direction as the applied field changes, and the 
resultant couple will remain in the same direction. Its 
magnitude varies with the absolute magnitude of the applied 
field. The direct component of the couple is then measured 
by observing the resultant steady angular deflection of the 
specimen. 


3 having 


Consider a specimen of volume V meter 
two principal apparent susceptibilities «k, and x, mksu at 
right angles to each other in the plane of measurement. 
The specimen is suspended in a field H, amp/meter at an 


angle 9 radians to k_, as shown in Figures 2.1 and 2.2. ‘The 
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General layout of torsional magnetometer. 
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Figure 2.2 


Principal susceptibilities of the specimen 
in the plane of observation, shown with the 
applied field and resultant torque components 


as viewed along the suspension fiber. 
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m,= «,H,Vcos@ (2.1) 
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m= «k,H,Vsiné (252) 
The torques Ab and Li due to moments m, and m,, respectively, 
are given by 
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The net torque on the specimen is the sum of T, and T,. 


T = 1(x,-«,) Ho H, Vein 26 (2.5) 


This has a root-mean~square value 
1 2 
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The,deflection.A@.. resulting from this torque is 
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where 7 is the torsional rigidity of the suspension fiber. 
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There are two principal theoretical limitations 
to the sensitivity of the instrument. One is the thermal 
deflection, or Brownian motion, of the suspended system. 
The other is the minimum detectable angular deflection of 
the suspended system. The latter depends on the mechanism 
used to measure the deflection. 

The rms value of the thermal deflection Aé, 


rms 


is given by the relation 


kT \” 
Glan ( ) radians (2). 3) 


T 


where: k = Boltzmann's constant 


1.38 x 10° joules/°K 


t 


absolute temperature (°K). 


From Eqs. 2.7 and 2).8, the signal-to-noise ratio is 


AG, rms 


kT 


A@ 2B\e (K,-K,) HoH, V 
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There is a lower limit to the torsional rigidity 7 of the 
fiber set by observation time required, even if the fiber's 
physical dimensions are not a limiting factor. With nearly- 
critical damping the approximate settling time of the 


suspended system is 
I \2 
to = 2n(—] (2) 


where I is the moment of inertia of the specimen plus cage. 
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If we take the ideal limit of negligible moment of inertia 
for the specimen cage and suspension, then we have for an 
axially-suspended cylindrical specimen of equal length and 


diameter that 
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where: M= mass of specimen (kg) 
r= radius of specimen (m) 
o = density of specimen (kg/m? ) 
Therefore we obtain by rearranging Eq 2.11 
V ee 
ane 2 en ny (242) 
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Since an alternating field is required, Helmholtz coil pairs 


are normally used to provide the necessary field uniformity. 


As dimensional and power-dissipation difficulties increase 
rapidly in so generating fields larger than about 10 
amp/meter, it is appropriate to calculate a sensitivity 
based on H,= 10*. We set reasonable values on T of 293°K 


ANGwOie Outen se 0 gm/om*. Thus we obtain for a standard 
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specimen of radius 1.27 cm and volume 12.9 cm® 
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The lower limit to detectable anisotropy due to 
minimum detectable angular deviation can be similarly cal- 
culated. The sensitive detectors with the smallest inherent 
moment of inertia employ a mirror connected to the specimen 
cage deflecting a light beam. Using long optical "levers" 
and magnifiers, the small angular deviations become readily 
observable linear deviations of a light spot. The limitation 
arises from the scattering of the light beam by diffraction 
from the mirror's periphery. Even if an ideal point source 
of light is used, and there are no appreciable diffraction 
effects from elsewhere in the optical train, the focused 
image after reflection from an optically perfect mirror is 
an Airy pattern of which the first dark circle subtends at 


the mirror an angle B given by 
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where: A = wavelength of light used (m) 


diameter of mirror (m). 


a 


To avoid substantial increase in the moment of inertia, the 
mirror cannot be much larger in diameter than 2 cm. With 
this and light of wavelength 5000 A 
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When the mirror deviates 3 x TOM radians, the Airy disc 
deviates 6 x {ape 3 radians, which is about 10% of the inner 
Circle's diameter. It is unlikely that much smaller devia- 
tion could be reliably detected. Thus, the rms value of 


Oprerrace1one 1Olse . is 


NO. 98=93 x) 100° radians (218) 
D rms 


From Eqs. 2.7 and 2.18, signal-to-noise ratio is 
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Substituting Eq. 2.12, the above result becomes 
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Using the same magnetic field (10° amp/meter) and specimen 


dimensions as used in deriving Eq. 2.14, this becomes 
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The two theoretical limits on sensitivity are shown 
graphically in Figure 2.3, plotted against minimum obser- 
vation time t,. 

Using Granar's method, five torque readings are 
required for each of three orthogonal specimen axes. Thus 
the total settling time required per specimen is at least 
15t,- Allowing for the intermediate operations, a settling 
time of 60 seconds would mean a total observation time per 
specimen of about 20 minutes. Thus a sensitive torsional 
anisotropy meter is of necessity a long-period device. A 
direct-field spinner, on the other hand, does not have its 
sensitivity as strongly dependent on time constant. High 
sensitivities are theoretically possible with short total 
observation times. This is fully discussed in the next 


chapter. 
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Figure 2.3 


Theoretical minimum on magnetic susceptibility 
anisotropy detectable by a torsional magneto- 
meter having a suspension time constant ft). 
Conditions: 

H, = rms field intensity = 10° amp/meter 
r. = radius of specimen = 1.27 cm 
h = axial length of specimen = 2.54 cm 
o = density of specimen = 3.0 gm/cm?° 
a= mirror diameter = 2.0 cm 


\ = wavelength of light used = 5000 A. 


1000 


a - 


te (sec ) 
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2.2 Spinner Magnetometers for Susceptibility Anisotropy 


In theory, any instrument capable of measuring 
bulk magnetic susceptibility may be made to measure the 
anisotropy of magnetic susceptibility by causing the speci- 
men to rotate at a suitable speed and measuring the time- 
varying apparent susceptibility. One susceptibility meter 
which has been successfully converted to a spinner-type 
instrument is the A.C. bridge. 

Three types of A.C. bridge networks have been 
used to make susceptibility measurements. The single-induc- 
tor bridge (Bhattacharya, 1950) shown in Figure 2.4 (A) is 
balanced resistively with three resistors and reactively 
with a single capacitor diametrically opposite the inductor. 
Its main drawback is its asymmetry. This causes the indi- 
vidual legs of the bridge to react differently to tempera- 
ture changes and causes thermal offset. In this aspect, the 
bridge may be improved by using two identical air-core coils 
balanced by two resistors, as in Figure 2.4 (B) (Michelson, 
1952). Both of these bridges are susceptible to drift 
caused by movement of conductive objects in the vicinity of 
the bridge elements. Such movements are virtually unavoid- 
able, and by providing different stray capacitance to earth 
for each of the bridge elements, they cause the bridge to be 
offset from balance. The problem can be lessened by exten- 
Sive electrostatic shielding, although this solution can 


actually aggravate the thermal drift problem (Fuller, 1967). 
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Figure 2.4 Bridge configurations used in 
anisotropy studies 
(A) Bhattacharya 
(B) Michelson 


(C)) Girdier 
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Drift due to stray capacitance may be very neatly dealt with 
by using the transformer bridge network of Figure 2.4 (C). 
It was described by Kirke (1945) and discussed by Clark and 
Vanderlyn (1949) and Watton and Pemberton (1949). In this 
version (Girdler, 1961) two air core inductors are balanced 
with tightly coupled ratio arms, which are the two windings 
of a 1:1 transformer. The two windings are assumed to be 
perfectly coupled. In that case, mutual inductance M is 


given by 


M = LAL (23) 


Therefore the ratio of impedance of the two bridge legs made 


up by the transformer is 


Z L,+M 


=c>~ (2.24) 
where n, and n, are the number of turns on the two windings 


of the transformer. If the numbers are equal, we have 
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Now assuming perfect coupling between the equal transformer 
windings and zero winding resistance and transformer core 
losses, we can find expressions for the potentials with 
respect to ground of points X and Y, given a current 


i, cos wt through the windings. 
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Therefore points X and Y are effectively held at ground 
potential by grounding the center-tap of the transformer. 
This greatly reduces the effects of stray capacitance to 
ground. 

The A.C. bridge used by Fuller (1967) employs 
Split ,air-core Coils! of 13° cm diameter and 4° cm total axial 
length. They provide a field uniformity of about 1% over 
the volume of a standard 2.5 cm cylindrical specimen. The 
bridge is excited at 1000 Hz with a total power of about 
l watt. The limits of operation were shown to be thermal 
drift. After smoothing the output of a continuously recorded 
trace of apparent susceptibility, a susceptibility anisotropy 


ba 7 
noise of about 2 x 10.” mksu Clbesep ee 7M0) gauss/foe) remains. 
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Thermal drift, like most random and quasi-random 
noise effects, has a fairly wideband spectrum. Thus, it is 
possible to minimize the effects of thermal drift by look- 
ing at as small a spectral "window" as possible. This may 
be done by rotating the specimen at a fixed frequency, and 
analyzing the signal within a fairly narrow passband about 
that frequency. This procedure is most effectively accom- 
plished by phase-sensitive detection of the signal, using 
a shaft-actuated generator to supply a reference signal. 
Furthermore, most thermal "drift" and other excess noise 
forms which depend on external energy sources and sinks, 
tend to have a characteristic — spectral density, unlike 
equipartition noise at thermal equilibrium. Therefore it 
is advantageous to employ a high rotational speed for the 
specimen, at least to the point where other noise effects 
become dominant. This general approach was followed by 
Graham (1967) in developing his A.C. bridge for suscepti- 
bility anisotropy. 

A simplified block diagram of the essential parts 
of Graham's A.C. bridge spinner are shown in Figure 2.5. 
The bridge itself uses two nearly identical modified Helm- 
holtz coils connected in a bridge arrangement with a tape- 
wound-core transformer with two equal bifilar windings. 

The susceptibility variation of the spinning specimen chan- 
ges the inductance of one coil and upsets the balance of the 


bridge. The off-balance signal is processed and recorded. 
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Pigure 2.5 


Block diagram of Graham's A.C. bridge 


Spinner for susceptibility anisotropy. 
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The processing consists of two stages of phase-sensitive 
detection - one at the bridge energizing frequency and one 
at twice the specimen rotational frequency. The demodulated 
Signal is fed to a modified X-Y recorder with a suitably 
slow clock drive. This constitutes in effect a long time- 
constant integrator which determines the bandwidth of the 
observed signal. Graham also employed servo-mechanisms 
carrying pieces of lead and ferrite near one of the Helm- 
holtz coils to keep the bridge in long-term equilibrium. 

He provided for a servo-mechanism which automatically 
"locked-on" to either maximum or minimum susceptibility 

in a given rotational plane. This latter feature is useable 
only if signal-to-noise ratio is considerably larger than 
uNnTtey. 

The thermal-noise-limited sensitivity of a bridge 
susceptibility meter such as Graham's is now derived. The 
spinner is limited fundamentally by thermal (Johnson) noise 
generated within its bridge inductor windings. This limit 
is now determined for instruments of reasonable dimensions 
and operating conditions. 

Graham's inductors were Helmholtz pairs of coils 
of inside diameter 7.0 cm, outside diameter 12.0 cm, and 
length 2.5 cm. They produce a magnetic field which is 
uniform to about 1% over a volume of 10 cm® and whose 
intensity is 6620 amp/meter for a 1 ampere energizing current. 


Their inductance is 53 mh and their resistance is 5 ohms. 
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Since Johnson noise is proportional to coil resistance, it 


is desirable to minimize resistance for a given number of 
turns. However, any change in dimensions to decrease resis- 
tance (i.e. either increasing current cross-sectional area 
or decreasing coil diameter) will increase relative field 
nonuniformity. In fact Graham's Helmholtz coils had close 
to optimum dimensions for maximum sensitivity on rocks 
having percentage anisotropies of greater than about 1%. 

We calculate the signal induced by an anisotropic 
Susceptibility x. Given an energizing current i amperes, 
the magnetic field intensity in the region of the rotating 


specimen is 


H,= 6.62 x 10 i amp/meter (2429) 


Given a specimen of volume V and susceptibility «x immersed 
in a uniform field of this magnitude, the presence of the 


specimen accounts for a relative increase in magnetic energy 


equal to 
AES change in energy due to specimen 
Ee total energy in coil*s field 


2 2 
+ (HH, V - #,H, V) 


1 


(2.80) 
ay ope 


M2 


where: # = apparent permeability of rock specimen 
H.= magnetic field intensity with no 
specimen 
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Therefore 
AE, u,(u,-1)H, V 
E.. Li? 
pk HV 
ia 


Substituting 47 x nee Henry /MeLOL itp y eos ‘hee 3 henry for 


PP and hue? 298 £O% ne? Eq 2.31 becomes 


AE, (47 x 10’) x (4.37 x 10’ iV 
Es Ow0bs a 
= 1.03 x 10° xV (2.32) 


It follows that the inductance of the coil changes by this 


same ratio. That is, 


AL = 1.03 x 10° «VL 
=o 5°KLV, Via) 
If, now, we have an rms current i cos wt energizing the 


coil, the rms signal output will be 


e. 


i,wAL 


55 KVi,@ (2.34) 


Since the coils are tuned to resonance, they appear to the 
amplifier to be essentially resistive. Thus, noise voltage 


from the coil is given by 


1 
e = (AkTRAf)? (2.35) 


n 


eo Yo 10 era 
» Vinaa tag Aa © ind VE pee S:tq984 | 
>in \ ona Sea : 

Wh 


tod vue) TOL x Ose 9 gi Me ni\ytaed| "Of x wh potsustdedye 
gemoded L6.S pa «gl sot a : 


v Gi “Ob ete. ey CO *) Sone 
8) Beg ore . 


(SEL5) ~ Va "Of x €0.L = 
eHid yd edpnaro [ios sit to oonsdoubnt arly sedd ewollo® at 
at jeff cortez omse 
1Va“or x eo.r ede | 


| 7 per « ea 
(££.8) | Vxee = B 
cae 
. oft paisiprens tw 2oo 4 Ist pa tte) amr as svsd ow. Tis 3 a 


ed LLtw tuqsue rank ener an . 


: _ 7 7 
(Bes) 94 w,iWage } 
ta 7 


od3 ot xssdqs6 ysds Sons, 241s) oun efade ads somite | a 
epssiov seion eed vavitetder yifpignedée wontttane 


(2&.5) 


58 


where: k= Boltzmann's constant 
T = absolute temperature 
R= coil resistance 


Af = frequency bandwidth observed. 


Since R is 5 ohms, and temperature is about 293°K, we obtain 
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nA (eee) 


Chee 4, laburkOs 


n 
Both signal and noise are equally increased by virtue of the 


Q-factor of the resonant circuit. Thus, Q need not be calcu- 


lated for determining Signal-to-noise ratio. 
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KN, 
= 1.34 x 10 (2...) 
Af? 
Current I(0.1s limited by thermal drift caused by high) power 


dissipation in the main coils, as well as by vibration of 
coils carrying large alternating currents. Frequency f is 
limited by self-resonance of the Helmholtz coils and, in 
some rocks, by eddy current losses in the specimen. Any 
anisotropy in the eddy-current response produces a spurious 
susceptibility anisotropy signal. Bandwidth Af is limited 
by observation time permissible. Consider Graham's values 
DOteel weandaw « 


Io= O See cis ae He 165 amp/meter ~ 2 oe) 


@® = 1.88 x 10* radians/sec. 
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Take as reasonable limits: 
V= 12 cm? 
Af'= Vor HS. 


Then signal-to-noise ratio becomes 
e 


10 
ee Oe xe LO (2238) 


e, 


In order that a change in susceptibility «x may be detected, 
it is necessary that it produce a change in signal voltage e, 
Grearerathanlorescqualy tO;tie nose voltage ee 2 rhus etic 
Minimum detectable change in kx is just equal to the value 

of « which, in Eq. 2.38, would make signal-to-noise ratio 
equal unity. Therefore minimum detectable susceptibility 
anisotropy is 


12 


Ax. = 4.18 x 10.|' mksu. (3.32 x 10” emu/cm?) (2.39) 


min 
Graham's observed noise Jevels were about 1.3 x ore mksu 
(abe ee aad emu/cm? ) under good conditions. Noise was 
attributable in part to residual drift and vibration of the 
bridge inductors. 

One possible source of noise was fluctuation in 
the frequency of the oscillator driving the bridge. This 
frequency modulation would have introduced spurious signals 
because the bridge balance was quite sensitive to frequency. 
This can be attributed to the fact that the resistive effect 


caused by conductors near the coils, including that of the 


lead slugs used for bridge-balancing, is frequency-dependent. 
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If the balance is to be substantially frequency-independent 
it is necessary to ensure that all bridge elements are 
frequency-independent, unless, of course, the frequency 
dependence itself is balanced. 

At the time when, by Dr. Graham's kind coopera- 
tion, the author made use of the bridge, it was noted that 
normal floor-transmitted vibrations produced noticeable 
spurious signals. It was not clear, however, whether these 
were due to internal vibrations changing the dimensions of 
the main coils, or bulk vibrations changing the coils' 
position and making them interact with external fields. 

The latter form of noise could, in principle, have been 
alleviated with an externally-closed magnetic circuit for 


the main exciting field. 


2.3 D.C. Spinner Instruments 


D.C. spinner-type instruments have been described 
by de Sa and Molyneux (1963). A rock specimen spins in a 
uniform magnetic field generated by a pair of Helmholtz 
coils. The spinning specimen sets up a secondary field 
alternating at twice the rotational frequency. Noltimier 
(1967) describes such an instrument which uses coils separ- 
ate from the field coils as sensors. One set of sensing 
coils is placed parallel to the field coils while another 


set is placed perpendicular. Noltimier notes that the 
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normal set, although it presents the same signal phase- 
shifted 90°, produces less noise since it is at null with 
the field coils. 

Noltimier cites four main sources of noise: 

1. Electromagnetic noise from A.C. mains at 
50 Hz and at 150 Hz. It is reduced by fixed and variable 
compensating coils. Both sets of field coils are bypassed 
for A.C. with large capacitors. 

2. Vibrations in a magnetic gradient. Those 
induced in the pickup coil by direct coupling with the 


ste tale Sanne i 


Spinning top gave a noise of 1.2 x 10% 
gauss cm*). This value has more pertinence to remanence than 
to anisotropy because of the stronger fundamental component 
of vibration, and hence is not the dominant noise contri- 
bution for anisotropy. 

3. Electrostatic noise due to accumulating 
charge on the nonconductive rotor surface. This noise was 


10 2 


ANTS Tine) ales cue eae) Seaton gauss cm*). After coating 


11 
Am 


with graphite the noise falls to less than 2.4 x 10 
(3 x 10°’ gauss cm*). Ina field of about 5500 amp/meter 
this meant, for the specimen size used, a noise anisotropy 
of 1.1 x 10° mksu (0.85 x 10” gauss/oe). The coating 
must not be too conductive because eddy currents would 


produce a magnetic moment to simulate susceptibility aniso- 


tropy. 
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4. Feedthrough of remanence signal. A maximum 
remanence of 2.4 x 10. A-m’ (3 x 10” gauss cm’) was found 
to permit measurement of anisotropies greater than 
2.5 x 10. mksu (2 x 10. Gauss/oe), in) low tields. at least. 

Noltimier quotes an overall low achievable 
anisotropy noise level of 1.1 x 107° mksu (0.85 x 10 
gauss/oe) and a practical measuring sensitivity limit of 


ten times this value, or 1.1 x 10m mksu. 


2.4 Requirements for the New Magnetometer 


Three main criteria were used to determine the 
type and configuration of the magnetometer described in 
this thesis: 

1. Ease of operation 

2. Speed of operation 

Se Sensa Civity. 

In order that the instrument be easy to use and 
rapid in operation, it is of great advantage that components 
which are handled or otherwise disturbed be robust and not 
cause serious offset of the signal output. Therefore 
instruments with robust mechanical parts and sensitive 
electronics, such as spinners, are to be preferred to 
instruments with robust electronics and sensitive mechani- 
cal parts, such as torque-meters. 


A very important factor in the speed of operation 
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is the integrating time required to attain the required 
level of signal sensitivity. In torque-meters this is the 
settling time of the suspended mass, whereas in spinner 
instruments it is normally the charging time of an inte- 
grating capacitor in a phase-sensitive detector. Even for 
equal integrating times, spinners are preferable to torque- 
meters because they require only three observations (one 
for each of three orthogonal specimen axes) whereas torque- 
meters normally require at least 15 observations (five for 
each axis). 

If high sensitivity is to be attained in a spinner 
instrument, the measurable parameters which are altered by 
specimen susceptibility must be very constant, or at least 
contain no strong time-varying components at twice the 
Spinner shaft frequency. A.C. bridge spinners, for which 
the inductance of a bridge element is the salient parameter, 
are normally limited by inductance variations or movements 
of ferromagnetic materials in the vicinity of the bridge 
inductors. In order to minimize these external effects, it 
was decided that the bulk field should be generated by an 
externally-closed magnetic circuit situated within an effec- 
tive magnetic shield. To keep vibration problems under 
control, the entire field-generating and sensing structure 
was cast into a single block using thermosetting epoxy 


resins. To minimize variations in the field due to power 
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supply fluctuations at the signal frequency, it was decided 
that a direct, rather than an alternating field would be 
used. Variations are more readily filtered from a direct 
current supply. Alternatively, permanent magnets may be 
USeds 

There 1S a practical lower limit to the suscep- 
tibility anisotropy which may be detected, set by diamag- 
netic effects within the spinner shaft and specimen cup, 
and indeed within the specimen itself. A typical suscep- 
tibility for diamagnetic rock-forming materials is -10 
MKS. OL Crystal linevquartz the value i1sPabout —1263) x TOM 
mksu. The Permali impregnated laminated beechwood, of which 
the shaft and specimen cups are constructed, has a measured 
susceptibility of about -7 x 10° mksu, a value which is 
typical of organic materials. If the shaft and rock speci- 
men had complete circular symmetry about their rotational 
axes, or if they rotated in an absolutely uniform magnetic 
field, no problems would arise. This is because diamagnetism 
is intrinsically isotropic, and, because of its very small 
value, the effects of demagnetizing factor on elongated 
diamagnetic grains is negligible. 

Consider a diamagnetic body with single axis sym- 
metry, shown in Figure 2.6 (A), rotating in a field with a 
symmetric component of deviation from uniformity. That is, 
for a point on the periphery of the rotating body, the 


dominant terms in the expression for flux density are 
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Figure 2.6 "Dumbbell" equivalent of the shape anisotropy 
of nonspherical shapes with: 
(A) single-axis symmetry 
(B) double-axis symmetry 


about the axis of rotation. 
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B(é] = B, + AB, sin 26 (2.40) 


where §@ is the angle of rotation from the initial position. 
Then each sphere on the "dumbbell" in Figure 2.6 (A) will 
generate a dominantly sin 29 flux variation as it rotates. 
This has the same frequency as the susceptibility aniso- 
tropy signal. Further, since the two spheres are separated 
by an angle 6 =”, the two flux variations are in phase. 
Therefore the combination of single-axis symmetry on the 
rotating shaft and symmetric deviation in field intensity 
must be minimized. 

Note that if another "dumbbell" is added at 
right angles to the first, as in Figure 2.6 (B), the two 
spurious flux variations are equal in magnitude and 180 
out of phase. Hence a rotating member with a double axis 
of symmetry is not nearly as objectionable as one with 
but a single axis. 

It should also be noted that a constant field 
gradient across the rotating specimen volume is not as 
objectionable as a symmetric gradient with a maximum or 
minimum field near the center of the specimen. This is 
because, even with single axis symmetry of the specimen 
and specimen cup, one half of the equivalent "dumbbell" 
is, at any particular instant, passing into a higher- 
field region while the other half passes into a lower- 


field region. Their effects therefore cancel to a 
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considerable extent. 

The shaft proper has a double-axis rotational 
symmetry, as does the specimen cup when spinning on its 
cylindrical axis. When spinning normal to this axis, 
however, the specimen cup, like the specimen itself, has 
effectively single-axis symmetry. 

Consider a specimen cup for cylindrical speci- 
mens ,Ot)2.58cm length and )2. 5scm) diameters spinning in a 
field having a deviation of +0.1% over the volume of the 
cup. When it spins about an axis other than the cylin- 
drical axis, the effective asymmetrical volume is approx- 
imately that of the cup bottom. The cups used on this 
instrument have a bottom thickness of 0.25 cm and volume 
of 1.25 cm*. Then the spurious susceptibility anisotropy 


Signal is 


asymmetrical volume field deviation 
Ak = FB 
specimen volume mean field 
where «x = diamagnetic susceptibility of cup. 
Therefore 
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Since this signal is stable and readily measured, it may 


be deducted from the observed signal. Therefore its 
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effects can readily be made smaller than the levels of 
statistical anisotropy expected. 

The specimens themselves, when spinning about 
an axis other than the cylindrical axis, have about 10% 
shape anisotropy. The apparent diamagnetic susceptibi- 
bity anisotropy is the product of bulk diamagnetic sus-— 
ceptibility, peak-to-peak fractional field nonuniformity, 
and fractional shape anisotropy. For field deviations 
of +0.1% the apparent susceptibility anisotropy will be 
about 2 x 10.’ mksu. Unlike diamagnetic effects from 
the shaft, those from the specimen are not readily measured 
and deducted from observations. The problem can be some- 
what alleviated by cutting three orthogonal cores from 
each specimen and spinning only about cylindrical axes. 
The sample holder may then be similarly symmetric. This 
expedient can add at most one or two orders of magnitude 
of sensitivity, as rock nonuniformity and statistical 
anisotropy become noticeable. It is therefore conceivable 


-1 
Mk mksu (8 x 10 : emu/cm8 ) 


thatea sensitivity of about, 10) 
could be used. It would be desirable to have full sensi- 
tivity with observation time constants of about 15 seconds 


or less and rotational speeds of 50 Hz, at least with 


maximum bulk field intensity. 
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CHAPTER 3 
DESIGN OF FLUX SENSORS FOR A SPINNER MAGNETOMETER 


This chapter discusses principles of design of 
flux sensors for a spinner magnetometer employing a direct 
main field and a closed magnetic circuit, and providing 
high sensitivity. Only one of the sensing systems described 
has been fully implemented in the existing instrument, 
because Signal induced by the spinner shaft limits sensi- 
tivity to a level accessible with that system (the specimen- 
gap coils). It is necessary to understand, however, that 
the instrument has been built to provide optional use of 
the low-direct-flux coils, the magnetic helix, and the 
Magnetic modulator sensing systems, all of which are in- 
trinsically more sensitive than the specimen-gap coils 
system. Much of the design of the magnetic circuit includ- 
ing its bridge configuration, is determined by the more 
sensitive sensing systems. It is therefore necessary to 
discuss designs of these systems even though they have not 
been fully implemented. The next chapter discusses the 


instrument as it has been implemented. 
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3.1 The Basic Susceptibility-Anisotropy Instrument 


The type of susceptibility-anisotropy measuring 
instrument chosen for development operates by measuring 
the small flux variations due to the time-varying magnetic 
moment induced into the rock specimen when it rotates in a 
direct, uniform magnetic field. Such an instrument is 
shown schematically, in its most basic form, in Figure 3.1. 
The magnetic circuit resembles that of a shell-type trans- 
former, and retains the magnetic shielding characteristics 
of that construction. The inner leg of the magnetic cir- 
cuit contains an air gap and a pair of permanent magnets 
to establish a direct magnetic field in the air gap. The 
reluctance of the gap varies with time when an anisotropic 
rock specimen is made to rotate in the gap. The resulting 
variation in gap flux is measured as a voltage across a 
solenoid wound around the inner leg of the magnetic 
circuit. The sensitivity of such an arrangement, excluding 
limitations of the electronic amplifiers, is now derived. 

The rock specimen behaves very nearly like, and 
indeed usually consists of, a large array of particles of 
high magnetic permeability suspended within an essentially 
nonmagnetic matrix. These particles are so dispersed that 
they do not appreciably affect the magnetic environment of 


each other. That is, magnetically, they are linearly 
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Figure 3.1 


Plan and end views of the basic magnetic 
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Figure 3.2 


Electrical equivalent of the basic magnetic 
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independent. Thus, if the magnetic flux density could be 
made uniform throughout the specimen gap, the position of 

a particle within the gap would not matter at all, in terms 
of signal output. For purposes of calculating signal flux, 
therefore, we may consider the magnetic particles within 
the rock specimen to be uniformly dispersed over the gap 
volume, assuming the gap to have a uniform flux density 
equal to the mean flux density at the position of the 
specimen. The specimen gap then becomes a reluctance whose 
variation is easily obtained from its apparent variation of 
susceptibility. The product of the time-variation of 
apparent susceptibility of the gap and the gap volume 
equals the product of the orientation-variation of apparent 
susceptibility of the specimen and the specimen volume. If 
we take the volume of the specimen gap to be that extra- 
polated from the polepiece area, the assumption of uniform 
flux density is invalidated by the fringing field. However, 
it is possible to calculate a leakage factor € such that a 
hypothetical gap with area (1 + €) times the real polepiece 
area, width identical to that of the real gap, and a com- 
pletely uniform flux density with no fringing, would "look" 
to the specimen exactly as the real gap does. Thus, if the 
flux passing through the projected polepiece area A, is 


$, = BAg Ban) 
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where By) is the flux density at the center of the gap, then 
the flux contained in the fringing field is €@, and the 
total magnetic flux leaving the polepiece is @(1 + ¢)- The 
apparent volume of the gap, then, is (1 + €) times its 
polepiece-extrapolated volume. 

The leakage factor is discussed further in 
Section 4,2 in connection with establishing the direct 
biasing field. It is there shown that the leakage factor 
for the specimen gap of the dimensions chosen is about 
0.45. ABhat for-each-magnet—biock—is-0.25. This latter 
is calculated using the normal relative permeability of the 
permanent magnets. Strictly speaking, when alternating 
Signal flux is considered, the leakage factor should be 
determined from the reversible relative permeability, which 
is 1.05 for the material chosen. This gives the magnet 
blocks an AC leakage factor of 0.26. 

Let the apparent susceptibility of a rock speci- 
men range, in a particular plane, between a minimum of k, 
and a maximum of x,. Then the peak-to-peak anisotropy-of- 


susceptibility of the specimen in this plane is 
Ak = K,- kK (332) 


When the rock is spun about an axis normal to this plane, 
the apparent peak-to-peak time variation of susceptibility 


of the specimen gap Ax, is given by 
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(Ax) (rock specimen volume) 
Mir S i (373) 
(gap volume) (1 + gap leakage) 


Consider a cylindrical specimen of diameter 2.5 cm. and 
length 2.5 cm. The gap volume is dictated by the need to 
accommodate the rotating specimen and provide the neces-— 
sary field uniformity. The choice of gap dimensions is 
discussed in Section 4.1 and indicates a projected gap 


volume of 1.18 x 10. meter’. Then 


(Ax) (1.23 x 107 meter?) 
MS Gig epee eS RTT ERTS eS ETT 
(P2328 x 10 meter?) (1.45) 


PAISExE1G” BEN (3.4) 


If Ax<< 1, then the resultant peak-to-peak change in 
reluctance of the specimen gap may be very closely approx- 


imated by 


AR, = R Ake (3.5) 
where eds the mean reluctance of the specimen gap. 
The parameters indicated in Figure 3.2 can now 
be quantified. The relative reversible permeability of 


the permanent magnet material used is 1.05. Therefore 


(magnet length) 


R 


: (magnet area) (1 + leakage factor) (H)H,) 


ea) 
(1.90 x 10 meter) 


7 


(2.32 x 10, m-) (1.26) (4n x 10. Wb/A-m) (1.05) 


= 0.49 x 10° amperes/weber (3.6) 
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(5.08 x 10. meter) 


2 7 


(2552 ec LOM t Mm) (e450 Ani) 0 Wh7Acm) 


LO 8 Ne amperes/weber (357) 


Therefore, Eq. 3.5 becomes 


AR. 


(Ry) (Akg) 


Il 


(lig20) RlO wm A/Wb)(719 x 10 AK ) 


8.63 x 10°Ax amperes/weber (Coie) 


Because the sensing coil's core must carry the 
direct™flux o/swithout“saturating,@the coretreluctance 
is negligible for reasonable dimensions and permeability. 
Since Ak< 1, it follows that AR, << INeop Thus the peak- 
to-peak flux variation can be very closely approximated 


by the relation 


AR, 
2 on + Ree + UN. 
AR, 
(Bo) ( 1+¢ )|——$___—_— 
o/ \gap area\ Ss oe R. re =| 


where B, is the flux density in the specimen gap at the 


Ad =4, 


(Bi) 
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position of the specimen. It is shown in Section 4,2 that 


the maximum direct flux density is 0.115 teslas. Therefore 
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(O84. 15" THe SONS F OFF m7) (1 4579 - 


A¢ 


(8.63 x 10°Ax A/wb) 


(2.18 x 10° A/wb) 


1.53 x 10. Ax webers (35104 


Thus the rms flux variation @¢, is 


Ae 
ne 


= 5.41 x 10. Ax webers (ce 


%, 


PEetheespecimene.Ocatccnat se. Lequcncy. 1.,, one 
induced signal voltage is at frequency f = 2f,. Thus, 
assuming no Signal flux leakage around the core reluc- 
tance Re, the rms induced voltage in a signal coil of n 


turns is 


o 
II 


: 2nftn 


(Oni nes aa 5e4enl Oa. ONKIe WS) 


3.40 x 10. fn Ax volts (312) 


322) NOlse Generated wbyithe Signal Coil 


A fundamental lower limit to detectable signal 
voltage is set by thermal noise generated by various 
component parts of the instrument. One noise mechanism is 
the random motion of electrons in the signal coil windings. 


The Fermi gas of electrons interacts with the atoms in the 
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cnystalulattices sofsthesconductor: ,IfG¢the windingris open- 
circuited, the current pulses resulting from all the moving 
electrons sum to produce a voltage across the winding 
resistance (Johnson noise). From thermodynamic consider- 
ations, the rms value of this open-circuit voltage can be 


shown to be 
1 
e, = (4kTR, Af ‘G (355383) 


where: k = Boltzmann's constant 
= 1.38 x 10” joules/°K 
T = absolute temperature in °K 
R.= resistance of sense winding in ohms 


Cc 


Af 


frequency bandwidth observed (Hz). 
Thus, at an absolute temperature of 293°K (20°C), the 
Johnson noise voltage is 
i} 
é, = 1,27 x10”) (RLAf}2» volte (3.14) 
The sres@stance-oranrcyiindrical “solenoid with current density 


inversely proportional to radius is 


2 
270n 
ig SY epee as (cS enle5:) 


where: p= resistivity of wire (ohm meters) 
n= number of turns 
q= filling factor of winding 
f= axial length of coil (meters) 
r= inner radius (meters) 


r= outer radius (meters) 
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Substituting this expression for R,, Eq. 3.14 becomes 


Lal [EAN 4 
Ean Sg NS ae Ee volts 


ql In 22 
r 


1 
—10 p Af 4 
Sse Omesce LO n ar Rae volts (3545) 
nz 
q r 


i) 
II 


If one uses copper wire with a resistivity of 1.724 x ig 


ohm meters at 20°C., and one obtains a filling factor of 


Peet. @.mrCl= 0 4/5), echen 


P14 A f 
e, = 4.83 x 10 1 |-__ volts (3717) 
ee lve ae 
1 


It is convenient, for purposes of comparison 
with other noise sources, to express this noise voltage 
in terms of the equivalent noise flux ¢, passing through 


a noiseless coil having the same number of turns. Thus 


en 
Gs eet 
2n fn 
1 
nm =i Af ) 
= 7.69 x 10 — |—____—_- webers (Seca) 
f Ms 
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The noise voltage given by Eq. 3.17 gives a good 
indication of thermal noise generated within the sensing 
winding itself, provided the impedance of the winding is 
dominantly resistive. If its inductive reactance becomes 
considerably larger than its resistance, the reactive 
component must be cancelled with a suitable capacitive 


reactance either in parallel or in series with the coil. 
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If this is not done, noise contribution from the electronic 
amplifier will increase. This may or may not be important, 
depending on the design of the amplifier and the ratio of 


reactance to resistance. 


3.3 Noise Due to the Magnetic Core 


3.3.1 Types of Noise 


The flux in any ferromagnetic core will show 
fluctuations with time. These fluctuations can be observed 
esuensOpen—Ccinrcul. molsemvoltage ve ()ivat thes terminals of 
a solenoid wound around the core. Bittel (1969) distin- 
guishes three different types of noise: 

I external sexciting (tield intensity eis 
constant or zero and temperature T is con- 
stant. In this case one observes thermal, 
or Nyquist, noise. It is caused mainly by 
the thermal energy of the spin system and, 
in metallic cores, also by the thermal energy 
of the conduction electrons. 

2. Ho is constant while temperature T is not 
constant. In this case excess noise is 
observed with both ferromagnetic metals and 
ferrites, caused by changes in the domain 


configuration due to thermal strain. 
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3.9 3H, se not constanty Wideband fluctuations 
result from the discontinuous magnetization 
of the core by the changing field excitation. 
This is called Barkhausen noise. 

Of these three categories of noise, the Nyquist 
noise is relatively weak. Excess noise due to thermal 
strain, or indeed to any changing mechanical strain, can 
be considerably stronger. Barkhausen noise can be 
strongest by far. This can be ascribed to a pronounced 
tendency to form clusters of Barkhausen jumps. The 
frequency spectra of the Nyquist and excess noise are 


quite different. The spectral density W(f) of the mean 


Square noise voltage 1G) due to thermal energy within 
the core is typically directly proportional to frequency. 
That due to Barkhausen jumps, on the other hand, typically 
shows a fea dependence down to a frequency of about 10 Hz. 
Thus the relative importance of Barkhausen noise is greater 
at lower frequencies. 

In the instrument here described, great care has 
been taken to avoid excess noise in the magnetic circuit. 
During normal operation there is no significant thermal 
dissipation within the main transducer block and hence 
thermal drift and consequent strains are avoided. The core 
and associated coils and shields were cast into a single 


unit and mounted in such a way that changing mechanical 
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strains would be minimized. Barkhausen noise is avoided by 
ensuring that the direct exciting field is as nearly as 
possible constant. This is done by using permanent magnets 
whose temperature fluctuations are kept to a minimum. The 
design of the magnetic circuit therefore assumes that 


Nyquist noise will be dominant. 


3.3.2 Nyquist Noise in the Magnetic Core 


Callen and Welton (1951) related generalized noise 
and loss mechanisms. By extension of their arguments to the 
case of nonlinear ferromagnetic materials, one can predict 
that each component of magnetic loss has associated with it 
a fluctuation of magnetic induction. Eddy currents are one 
such loss component. Hysteresis losses, because of their 
strong dependence on peak-to-peak flux variation, cease to 
be important for vanishingly small flux amplitudes. There 
are several types of so-called residual losses (Latimer, 
1953) which can be distinguished by their direct dependence 
on f (as distinct from the f?’ dependence of eddy current 
losses) and their independence of the dimensions of the 
ferromagnetic specimen. These losses become important at 
very low frequencies and for very thinly laminated metallic 
magnetic materials. Direct measurements (Brophy, 1958) of 
magnetic fluctuations from a toroidal core wound with moly- 
permalloy tape of 25 micron thickness, indicated that the 
main noise component, at least down to about 1000 Hz., was 


that associated with eddy-current loss. 
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It should be noted that eddy-current loss may be 
considerably larger than that calculated by assuming homo- 
geneous permeability for the magnetic material (Polder, 
1953). The reason lies in the fact that initial permea- 
bility of soft ferromagnetics is mainly due to reversible 
wall displacements. When a field is applied, there is a 
large flux change in the region of the domain wall, but 
little elsewhere. This effect causes micro-eddy currents 
to be set up. As a result, power dissipation is larger 
than it would have been for uniform eddy currents. The 
loss ratio is minimized by ensuring that lamination thick- 
ness is not appreciably smaller than domain wall spacing. 
Enoch and Winterborn (1967) showed that high-permeability 
Ni-Fe-Cu-Mo alloys in sheet thicknesses greater than 25 
microns have reasonably small loss ratios. They observed 
minimum loss ratio when specimens were annealed with a 
cooling rate of about 65°C./hour. 

One can therefore get a reasonably close estimate 
of core noise by calculating fluctuations associated with 
eddy currents which are assumed to be uniformly distributed. 
The noise, then, is due to thermal motion of the conduction 
electrons. Their stochastic circular movements generate 
local magnetic fields in all directions and cause movements 


of domain walls. 
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Consider a section of magnetic core with reluc- 
tance R, and dimensions as indicated in Figure 3.3, 
connected magnetically in series with a lossless and 
noiseless section of core with reluctance ee Theycircuie 
is closed to form a continuous magnetic loop of reluctance 
R = RK The section of core under test is divided 
into N laminations of length £, width w, and thickness t. 
It has a cross-sectional area A,,= Nwt normal to the 
direction of signal flux. Two distinct limiting cases are 
possible for the calculation of magnetic noise: the 
laminations are much thinner than the skin depth (depth of 
penetration) of the material used, or they are much thicker. 
The alternating magnetic flux may be assumed to be distrib- 
uted uniformly throughout the cross-section of the very 
thin laminations, whereas it is concentrated near the 
surface of the thick ones. The effects of electric noise 
currents have the same distribution. 

Within the skin depth, noise paths may be assumed 
to be essentially resistive. Permeability is assumed to be 
completely uniform. Only magnetic noise flux in the axial 
direction around the entire circuit is here considered. 
Therefore noise currents in planes normal to this axis are 


examined. 
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Figure 3.3 


General model for calculating noise flux 


due to a laminated core. 


noiseless 


core 
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3.3.3 Laminations Much Thinner Than Skin Depth 


In any closed circuit of resistance R, there 
exists a circulating noise power which, from thermodynamic 


considerations, has a value 


Panes AkTAFT (29) 
where: k= Boltzmann's constant 
= 1.38 x 107 joules/°K 
T= absolute temperature (°K) 
Af= frequency bandwidth considered (Hz). 

Each lamination can be thought of as being divided into a 
series of nested current loops of incremental width dx 
and extending the whole length / of the lamination, as 
is shown in Figure 3.4. Assuming t << w, the resistance 
of such a loop of resistivity p is 


(9p) (length of conductor) 


dR 


(cross-sectional area of conductor) 


(p) (2w) 
Pps teak (220) 
L dx 


Since each such loop has a circulating noise power 4kTAf, 
it follows that the incremental noise current in the loop 


has a value 


AkT AE Y2 
{3 | 
dR 
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Figure 3.4 


Noise current within a single lamination 


of thickness much less than skin depth. 


On 


This current loop produces an incremental magnetic moment 


given by 


dm,= (magnetic potential) (area of loop) 


(di, ) (2wx) 


2kTAELdx\4 
_--"—- (2wx) (are2) 


pw 


Because the thermally generated currents are uncorrelated, 
the mean squares of the magnetic moments sum, rather than 
their root mean squares. 


dm, = {| —————] (4 w? x?) 


pw 


8kT Af Lw x? 


= dx (32:23) 
p 
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For the effective magnetic moment for the whole lamination, 


2 
one integrates dm, . 


Neil a eee 
mine i dm, 
x=0 
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a Rs (3724) 
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Again, Since the magnetic moments are uncorrelated from one 
lamination to another, their squares are summed to yield a 


total squared magnetic moment 


NkTAf dwt? 
————————— (8525) 
3p 


Noting that the total cross-sectional area A, of the core 


under test is 
A, = Nwt (37126) 
one obtains 


KH \fal tea 
MGS SSS ar 2h) 
3p 
Therefore the total magnetic moment is 


Nn (Sie S) 


kTAF LA, \2 
menses 
3p 
It then follows that with total magnetic circuit reluctance 


R the Magnetic noise flux is 


Nn 


eens (3.29) 
Anak: 


$, = 


where Aveia the effective cross-sectional area for magnetic 
flux variation. Since it is assumed that flux distribution 


4 
is uniform, A,,=A,,- Therefore 
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t a Af LA,, )’ 


AK \ 3p 


t /kTAF L\% 
—( ) (3.30) 
Kaop An 


Substitute into Eq. 3.30 the values: 
Uf ae PA ag RNS) 
k= 1.38 x 10 joules/°K 
Pe 26 08s 10’ ohm meter (for moly-permalloy) . 


Then one obtains from Eq. 3.30 


t 2 
pe = de JAex LG ae -— (248) webers (sod) 


For a small value of magnetic Nyquist noise, therefore, it 
is desirable to have a thinly laminated, short core with a 


large effective cross-sectional area. 


3.3.4 Laminations Much Thicker Than Skin Depth 


Consider now the case of laminations thicker than 
twice the skin depth 6. As a first approximation, assume a 
uniform mean distribution of magnetic flux and electric 
noise current to a depth 6 and no penetration of either 
flux or current below that level. 

Consider a single lamination, as in Figure 3.5. 
Assume its thickness t to be much less than either its 
width wor its length f. Then the situation is equivalent 


to that for a single lamination of the same length and 
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Figure 3.5 


Assumed flux and current penetration within 
a lamination whose thickness exceeds twice 


skin depth. 


OF 


98 
width, butiwith, thickness-.t-=.26. Substitution of this 
value for t into equation 3.25 yields an expression for 
the total squared magnetic moment of a circuit element with 


N such laminations 


8NkTAf Lws° 
lig, 2 SSS (3332) 
3p 
Since flux is assumed to penetrate only to a depth 6, the 
effective total cross-section for magnetic flux is 
A..’= 2N8w (3.33) 


Therefore the noise flux, given a total reluctance R is 


! LLRs 


AR 
eae 1 


?, 


It 


3p 2Nbwh 
1 /KTAFL \2725 Am \"2 
- -(——}( ) (3.34) 
R 3p An Nw 


Since the total cross-sectional area of the core isA= Ntw 


’ 1 ip kT Af L 4 
¢, = x (221) i (3515 5)) 
RK a otAe 


When t = 25, this equation reduces to Eq. 3.30 as expected. 


Substitute the same numerical values for k, T, and op. 
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3.5325 NOise in Ferrite Cores 


In ferrites, eddy currents are only of secondary 
importance because of the low conductivity, especially at 
low frequencies. Hysteresis losses, like those of metallic 
ferromagnetics, cease to be important at vanishingly small 
alternating magnetic fields. 

Consider a section of ferrite core of length L 
and cross-sectional areaA, connected magnetically in 
series with a lossless and noiseless section of core, 
Similar to the arrangement in Figure 3.2. Let total mag- 
netic circuit reluctance be R. The residual loss resistance 
R,, referred to a signal coil wound on the core, can then 
be found from the effective residual loss angle 6,,. For 


a coil of inductance L the residual loss resistance is 


R, = mLtan 6, 
tan 6, L 
= ol Ses (eno) 
BH, \ RA, Hp 
where: w = 2nf 
6, = intrinsic residual loss angle of 


the ferrite material 


initial permeability of the ferrite. 


B 
The inductance of a coil of n turns wound about a magnetic 


circuit with total reluctance & is 


(3.38) 


n2 
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Substituting this expression into Eq. 3.37 one obtains 


: wn’f tan 6, 
i) a (3.39) 
RM ty H 


From Eq. 3.14, the Johnson noise voltage generated across 


this resistance would be 
—10 % 
en b= 31.27 x 110 (Raf) volts (3.40) 


and this is equivalent to a noise flux 


e, 
$, =— 
on 
The 1.27 x 10 | x 10°” wnf Af tan 8,\% 
= webers 
on Lyrae An Hy Hi 
a _ =) NI 
= 4.52 x 10 (3341) 
A.,f 
Ferrite materials with 2, x 10. and 2; = 2200 


are available (Siemens specifications for their type N28 
material at frequencies below 1000 Hz). Therefore noise 


flux becomes 


11 


clink se Siam (< Af 


d,, — —] webers (3242) 
R A 
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The graph in Figure 3.6 shows the spectral 
density of conduction electron noise for moly-permalloy 
cores of the indicated lamination thicknesses, and 
residual noise for ferrite cores, as given by Eqs. 3.31, 


3.36 and 3.42. Typical values are taken for operating 
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Figure 3.6 


Noise flux as a function of ratio of length 
to cross-sectional area of magnetic circuit 
for laminated moly-permalloy and ferrite 


cores. 
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frequency and total reluctance. The curves are drawn up to 
that value of Ly nich would make the total reluctance of 
the core-under-test equal to the assumed total reluctance 
of ho amperes/weber. 

Note the closer spacing of the moly-permalloy 
curves where lamination thickness exceeds twice the skin 


depth. The skin depth is given by 


p "o 
5 = a (3.43) 
mF i by 


For moly-permalloy with p= 2 x 10° and p= 6x 10” ohm 


meters, the skin depth at f = 100 Hz is 


Giel Om 


meters 


(TA (100) (4recelOm (2 eon LO. ) 


2.8 x 10. meters (3.44) 


3.3.6 Excess Noise Due to Magnetic Viscosity in Cores 


This section has considered thermally-generated 
magnetic fluctuations for cores assumed to be in thermo- 
dynamic equilibrium. In general, however, after a macro- 
scopic change of magnetic state, a ferromagnetic material 
takes a finite period of time to return to thermodynamic 
equilibrium. This effect manifests itself as a lag, or 
magnetic viscosity (Bozorth, 1951) which is not due to eddy 
currents. While the magnetization is decaying to its 


stable value, excess noise is evident. This may continue 
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for a period of hours after a large change in magnetization. 
To minimize this form of excess noise, it is necessary to 
avoid large changes in magnetization, especially in the 
high-reluctance portions of the magnetic circuit, if maxi- 


mum sensitivity will be required soon after. 


3.4 Sensitivity of the Basic Instrument 


Sensitivity of the basic instrument is now calcu- 
lated, based on the assumption that thermal noise from the 
copper signal coil is the dominant noise component. From 
Eq. 3.11 for rms signal flux and Eq. 3.18 for rms noise-flux- 
equivalent of the Johnson noise of the coil, one can derive 


an expression for signal-to-noise ratio. 
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In )2 
ZL r, | 


= 7.03 x 10° fAx 
Af 


Of the parameters in Eq. 3.45, dimensions £ and r, are lim- 
ited by the necessity to keep the instrument down to a 
reasonable size and cost, while r, is limited by the sat- 
uration of the magnetic core material. Frequency f is 
fundamentally limited by the structural integrity of the 
rock specimen and shaft materials. A rotational speed of 


200 rps, hence a signal frequency of 400 Hz, is possible. 
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However, to avoid the more careful balancing required at 
higher speeds, a rotational speed of around 50 Hz is 
desirable for routine observations. BandwidthAf is 
limited by the time required to complete a single obser- 
vation. Signal integrating times up to about 15 minutes 
can be useful since they restrict effective bandwidth to 
about Lon Hz. For reasonably fast observations, however, 
an integrating time of about 10 seconds is preferable. 
All sensitivities are therefore calculated for a signal 
frequency of 100 Hz and a bandwidth of 0.1 Hz. The 
capability for high rotational speeds and long integrating 
times is nevertheless built into the instrument for use 
with extremely weak or small specimens, or for measurements 


at low field intensities. If one limits the dimensions to: 


= 
I} 


0.2 meters 


| 


9 = 0.12 meters (3.46) 
r,= 0.05 meters 


then the corresponding signal-to-noise ratio is 


1 
d, : V7 te NS 
— = (7.03 x 10°) (100) (—— AK 
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shaTehesweeiWipe abe (3.47) 


Signal amplitude must at least equal noise amplitude to be 


detectable. Thus one can detect a susceptibility anisotropy 


Ak, = 1.08 x 10" mksu (0.86 x 10. emu/cc) (3.48) 
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One can now determine how thinly the sensor's 
magnetic core needs to be laminated in order that noise 
due to thermally excited conduction electrons within the 
core material not become a dominant source of noise. 


Taking the thin-lamination worst case, 


A. = wr? = 7.85 x 10° meter? 


m 


£ 


R = 2.18 x 10° A/Wb (from Eqs. 3.6 and 3.7) 


0.2 meters (3.49) 


Af = 10 °° Hz 

¢, = 5.82 x 10 Wb (from Eqs. 3.11 and 3.48) 
Define critical lamination thickness t, as that thickness 
which would make the noise from thermally-excited conduc- 


tion electrons in the magnetic material equal to Johnson 


noise from the signal coil. MThen 
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1.67 x 10° meters (3.50) 


Therefore using laminations of thickness less than about 

0.5 mm would keep noise from the magnetic circuit negligible. 
One drawback of the configuration in Figure 3.1 

is that it is unbalanced with respect to external interfer- 


ing magnetic fields. Although the high-permeability shell 
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type of magnetic circuit affords considerable shielding, 
the shielding factor is not sufficient for the magnitude 
of magnetic fields expected, especially of those synchro- 
nous with the signal. Considerable advantage is gained 
by uSing balanced sensors which can be adjusted to null 
out response to interfering fields. Such arrangements 


are discussed in the following sections. 


3.5 Design Of Magnetic Bridge 


It can be seen from Eq. 3.45 that if the inner 
end eOucereradiini, and Ol the @sensing «coil ares reduced 
in the same proportion, Sensitivity is not impaired. The 
reduced coil dimensions would allow a pair of coils to be 
arranged in a balanced configuration to null out effects 
of external fields. It is, however, necessary to ensure 
that a reduction in r, does not cause saturation of the 
magnetic cores of the signal coils. This latter require- 
ment can be met by arranging the main magnetic circuit in 
a bridge configuration as illustrated in Figure 3.7. Thus 
only a slight off-balance direct magnetic flux passes 
through the magnetic cores about which the signal coils 
are wound. This configuration also makes the signal coils 
balanced with respect to external fields normal to the 


axis of the specimen gap. 


To calculate the peak-to-peak flux variation A? 
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Figure 3.7 Plan view of a bridge configuration of the 


magnetic circuit. 
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Figure 3.8 Electrical equivalent of the bridge 


configuration of the magnetic circuit. 
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analogous to Ag in Eq. 3.10, one must consider the reluc- 
tance of the balancing gap and the now-finite reluctances 
of the signal coil cores in parallel. The combined reluc- 
tance is in series with the reluctance of the specimen 


gap. Therefore 


AR, 


Furthermore only part of A, passes through the signal 


A? = %, (3251) 


sensing coil. Call this part A,¢. The remainder 


(A,P- A?) passes through the balancing gap. Therefore 
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Combining Eqs. 3.51 and 3.52 one obtains 
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= 3.87 x 10° webers (3.54) 


The values of K, Ai and AK, are substituted from Eqs. 


3.6, 3.7 and 3.8, respectively. Then 
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vise To is small relative to ih. and i the signal flux 
variation is 


A, 


2 
2Vi2 


5.41 x 10. Ak  webers (2256) 


From Eqs. 3.15 and 3.17 it can be seen that signal 
coil resistance, and hence noise voltage, is decreased by 
decreasing core cross section mr or by increasing its 
length Ll, both of which increase its reluctance Key One 
can determine an optimum value for thee given that the core 
cross-section is kept constant and only its length is 
varied. This optimum is nevertheless close to optimum 
values obtained by varying other parameters. From Eq. 3.55 
Signal flux shows a proportionality 
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Simikarly;hiromiEgta3<eL8ifor noise flux 
a 2 
4 /p 
P, x f o< Ke (3.58) 


Combining Eqs. 3.57 and 3.58 yields 
% 
R 
a < (e259) 
i PA Se GMa 25 de 


Therefore 
6 1 a2 ys 
d /¢ I Fe 1 256: i ere ee ey) Ee 
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= 0 (for maximum sensitivity) 
Hence 
R. = 2.18 x 10° =aA/wb (3.60) 
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; 24/2 
= 2.71 x 10°° Ax webers (3.61) 
If the signal coil's core is cylindrical as 


before, its reluctance is given by 


(length of core) 
R. ee (ania) 


(cross-sectional area of core) (Hy) #,) 


where vw, is the relative reversible permeability of the 
core material. It is about 2 x 104 for moly-permalloy, 
given a direct flux density S$ 0.1 tesla. Thus if the 


cross-sectional area of the core is restricted to, say, 
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1.0 cm*, the reluctance is 


L 


m?) (47x 10 
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(106 Wb/A-m) (2 x 104) 


3.98 x 105 2 A/wWb (secs) 
Taking R. to Ethel lamit determined in Eq. 3.60, 


3.98 x 10°f oe 18x 0° 
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5.48 meters (3.64) 


This core length is too large to be practical for a 
cylindrical sensing coil. Since a considerably shorter 
length must be used, core reluctance ff, becomes negligible 
with respect to (Den + R, ). Therefore signal flux is 


mMalbiei(el cmsteih Tey eiryeles 
?, = 5.41 x 10° Ax webers (30G5) 


By inspection of Eq. 3.18 for the flux-equivalent 
of the thermal noise of a cylindrical solenoid, it can be 


seen that there is little point in making r, larger than 
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about 10 moe Therefore substitute into Eq. 3.18 the values: 
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A factor of 1/2 is included for summing noise due to both 


coils. 


“ere 


(88.2) | awa \ POL x We.8 =” | . 
.08-€ «pa mt Hontmsadeb timil ors ot A paldat 
“or x at.c = hort x ae.e wie 
(pa.€) isk he eo). EAS 


& 07 Ladtvossq od ot epxsl oot at dipitel e100 einT 
satioda yidexebtenoo 6 sonia .Llon paiense Isotszbailyo 
eldipilpen semooed SK esastoules si0> ,hoeu od goum sigpmet 
ci xvI Indpte sxotexsit? -( AR + RS) ot soeqaen dtiw 
-08.£ pa moxt bavoi 


| one 


(PO.£) snucton wi "of x In.2 = & 


jaoleviwpo=xult off 10% BL.E .pa to aoisnegant ys | 
ed nso ti ,btonefoe Lsnitubmilys 6 to selon Ismisdt ed3 to 
ast yspisl  pakaem nt totog efosit et exsist tadt nese 

2eouleyv old. Br .e ~pa ofmt adudizedye sxcotenedT « 9 Of _suods 


<A 
<8 a os 
ns.0« 4 
“oLx ee Py 
ao “Ofte ee p 
died oi sub onion prime do? Bebutont wt By 0 xooa® 4 
¢ . ~~ Geese 


.altoo 
2 ha ; _ so | 


as 


(ad.€) 


‘w 


ir a) ih, a) | i : | 7 aie 


WS 
-1 % 


10 
(4[2) (7.69 x 1 Ome ol Om) Gaara webers 
(0.2) (In 10) 


> 
II 


5.06 x 10’ webers (eon) 


Prom Eqs. 3.65 and 3.67, Signal—to-noise ratio is 


d. Tk see alta) Yale 
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Thus the minimum detectable susceptibility anisotropy, as 


limited by Johnson noise, is 
Akmin = 0.94 x 10 '' mksu (0.75 x 10 '* emu/cc) (3.69) 


The critical lamination thickness is now calcu- 
lated assuming a Signal coil inner radius of 0.5 cm and 
length of 20 cm. The reluctance of the magnetic circuit 
as "seen" by the signal cores is just that of the specimen 


gap assembly and the balancing gap assembly in parallel. 
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Thus a lamination thickness of about 100 microns or less 
would be required. It can be seen from the graph in 
Figure 3.6 that Siemens' type N28 ferrite material would 


also suffice. 


3.6 Design of a Magnetic Helix 


It was noted in the previous section that the 
sensitivity of the bridge configuration was limited by 
the maximum practicable sensing coil length. A value of 
0.2 meters was used. If this length were increased with- 
OUEs changing ene stratlo Ob col. radii —, the decreased 
coil resistance would result in a AEE in Johnson noise. 
By a sufficient increase in magnetic core radius and 
decrease in lamination thickness, the core noise could be 
reduced in the same proportion. The limitation of maximum 
coil length could be avoided if the magnetic core for the 
Signal coil were wrapped into a helical shape. This geo- 
metry would also permit more efficient use of the copper 
wire since, instead of winding a coil around each helix 
element, a toroidal winding would be put around the entire 
magnetic helix. 

The geometry described above is shown with gener- 
alized dimensions in Figure 3.9. The helical core would be 


divided into two halves. The adjacent core ends would be 
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Figure 3.9 Generalized configuration of a magnetic helix. 
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joined together and connected to point X in the bridge 
circuit shown in Figure 3.8. The opposite core ends would 
be joined to points A and B shown in the same diagram. The 
two halves of the helix, each with Nturns, should be wound 
in opposite directions - one clockwise and one counter- 
clockwise. This is because, due to the bridge configura- 
tion, the two halves of the signal flux A? would pass 


through the helix in opposite directions. 


3.6.1 Optimization of Johnson and Magnetic Noise 

It can be seen from Eq. 3.17 that Johnson noise 
is made smaller by increasing core length f and by decreas- 
ing core radius rr and hence its cross-sectional area A. 
However, it can be seen from the graph in Figure 3.6 that 


L 


the resultant increase in — will increase magnetic noise 
for any given lamination tice Therefore the helix 
dimensions are a compromise between Johnson noise and 
magnetic core noise. The critical lamination thickness for 
the bridge solenoids discussed in Section 3.5 was shown to 
De, aboutel00.microns (Bq. 3.71). Inspection of Figure 3.6 
shows that an improvement of 4:1 in sensitivity, as limited 
by magnetic core noise, might be obtained by using 25-micron 
laminations and the same ratio —. For thinner laminations 
micro-eddy currents and other nOeeereocdcing mechanisms 


become dominant and prevent further improvement in sensiti- 


vity. To gain an equivalent decrease in Johnson noise, it 
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would be necessary to decrease coil resistance by a factor 
of about 16. The more efficient use of copper around a 
helical core would also contribute. However, the increase 
in core length would require a proportionate increase in 
cross-sectional area if the oa were to be kept con- 
Stale nl che LOnem tiem cone volume LA,, would increase rapid- 
ly. This increased volume would set a practical limit to 
increased sensitivity. 

The factor —- for the bridge solenoids discussed 


An 
Ine Sectcion 3.> LS 


L Oneza m 
—_—_ = ——2 
An  -2n(5~x-207°) om 
= ee ey er) 


Since noise flux due to the magnetic COre sls) plroportiona 
2 
to lamination thickness and sae Asechownei neha wes 0 ly 
m 
DUELOULOWS@LEOMILGS eas. Ol; pow LeanGmony othat a Lreauction 


in lamination thickness to 25 microns would make noise flux 


due to the core equal to 


= 2 
Oe 5 ex Ome om 


$y = (5.06 x 10 Wb) 


- 3 
Toe) Lone) \ eo 7a An 


gus Vfl 


3.45 LOpe s (—— 
x i 


Wb CSinv23)) 


To a first approximation, the core length f Ot each halt of 


the helix is 


ist 


tojos% 5 yd $ ‘ 
& Satoxs s2a9e0 paca Phdunialk som at i 
sakeront dd | sero sada wn09 oats iatvow amen 
logesy 8 siivpet plwow itpnel 8x05 as 

“109 tore ad oF ‘tak Feiss: ods ti sots fsnottoes-280%9 
~biqex saseront Sluow oak emmlov ax afd 919251007 sass 
os timil Leoitosig 6 shi Aivow omslov beesesont ardt ny 
.yoivid tener bounaxbat 

hoaevoeib e@blenelos aphizd eft 302 + tojost oft ci 
: et 2.t noltoee at 


ak sane xonk 


(st.t) to Ot ee PSL a 


a 


Isndidadgoxg et s100 cisenpam ols ot sob ant? selon somte 
,f6.€ opi oi nmwode es (Aves bis ahomxnids nokdsriinisl ot 
aorrvoibes # tery SV.E ug ON ve .Ve.& vepa mot ewollLot 32 
xutt? oeton Solem Blvow ahékoity 28 ov esendntds noksentmsl nt 
ot Leups exo eld ot oub 


rsa" 


jaw “on x 0.2) = yo 2 


uo ey 


’ ba 


(@v.8) | ai pK ais x 2c = eDigg 
fo SIAM sone: 9 VL tapaat aoe ada snadalitiones Saal a! ; 
woody 


ei etl ott 
- 


22 


L ~ 2ar,N (3.74) 


For the most efficient use of the copper wire on the toroidal 
coil, the helix cross-section should be made nearly square. 
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For low coil resistance, helix turn-separation z should be 
minimized. It cannot be made very small because inter-turn 
flux leakage would become considerable. We arbitrarily set 
Z=x in*order Co) minimize its effect on coil resistance. 
The resulting leakage will be determined in Section 3.6.2. 
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We now determine the helix dimensions required to 
reduce the noise-flux-equivalent of Johnson noise to this 
same level. The electrical resistance of the copper toroid 
23 length of a single turn . 
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where: Pp resistivity of copper 


1.724 x 10°° ohm m @ 20°C 


Poa.Vlang eLactor =.0./5,. say. 


He} 
Il 


Since we have assumed a square cross-section, the coil 
resistance is approximately 


ee) sa Meee 4y 


Roe n? 
; 0.75 release) 
2 
= S09 si tiie ohms (3.79) 
r -f 
4 3 


A lower limit on coil inner radius fe would be set by diffi- 


culty, insapplying the toroidal winding: (Lio we arbitrarily 


set pals /2, coil resistance would be 


2 
=¢ wel Ay; 
Re LO ae ohms (3.80) 
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Therefore the noise-flux-equivalent of Johnson noise is 
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If we arbitrarily set maximum helix radius f to be 107 cm 


then Eqs. 3.77 and 3.81 become: 


N 

LC SS Se Cee (3.82) 
y 
16 % 

oy = 1.26 x 10 Ni webers (Bn 33) 


If these two noise contributions are to be equal in magni- 


tude, we obtain 


N yaar o:4 lt 


ii Boge Tor. 


326 


3 
18.0 y“ turns (3.84) 


Therefore total noise flux due to each of Johnson noise and 


Magnetic core noise is 


4 
re 18.0 y 


ep, 3/186. Gd 10 7 


Yy 


= tend | 
6.95 x 10." y“ webers (3.85) 


If we arbitrarily set maximum helix core width y, and hence 


helix height 4Nx, to be 8 cm then 
-17 
Dole Lexie 0 webers (3.86) 


This is about one quarter of the noise level given by 


Eq. 3.67 for the dual-solenoid bridge. 
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3.6.2 Inter-turn Flux Leakage 


Setting y= 8 x 10.’ m in Eq. 3.84 gives for the 


number of turns on each half of the helix: 
N= 2371 (3.St2) 


Therefore the total number of turns on the helix would be 
5.42. The relative flux leakage which would result from the 
relatively low-reluctance leakage path between the turns can 
be estimated by comparing the leakage reluctance between two 
adjacent turns of core with the reluctance of one turn of 


the core. The leakage reluctance is 


R length of leakage path 1 
| = Se ET REE mesa 


area of leakage path He 


Z 
(y) (2mr,) (47x 10 ') 
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(lOPeaoC (2 rex. Tm) abr ce On.) 


is ilys Se alee A/Wb (3.88) 


Similarly, core reluctance per turn is 


RQ. 2nr, 


"(xy ) (Ho Hy) 
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Ato 3x 104 A/Wb (3.89) 
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Therefore the leakage factor is 
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é =-—— 


Ri + R- 
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This is an acceptable figure. The actual leakage would be 


somewhat lower since there is no leakage from the end turns. 


3.7 Magnetic Modulators 


It can be seen from Eq. 3.45 that the sensitivity 
of the instrument is directly proportional to the signal 
frequency, and hence the shaft rotation frequency. The 
latter is limited by the structural integrity of the rock 
specimens and by microphonic signals due to the slight 
imbalance of the specimen on the shaft. It is, however, 
possible to raise the signal frequency without raising the 
shaft speed. This is done by modulating the magnetic sig- 
nal flux at high frequency. This modulation process must 
be accomplished without transforming the magnetic signal 
into an electronic one because such transformation would 
"lock in" the thermal noise due to reasonably-sized signal 
coils. The process should therefore use a variable reluc- 
tance in the magnetic circuit. This may be accomplished 
electromagnetically, taking advantage of the nonlinear 


magnetization of ferromagnetic materials, or mechanically, 
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either by changing the dimensions of an air gap by moving 
a ferromagnetic polepiece, or by elastically straining a 
ferromagnetic circuit element, changing its permeability 
through the Villari effect. 

A magnetic modulator would allow one to take 
measurements of bulk susceptibility by taking readings 
before and after a specimen is introduced into the speci- 


men gap. 


3.7.1 Nonlinear Magnetization Modulator 


The most sensitive method yet devised for 
modulating by virtue of nonlinear magnetization of ferro- 
Magnetic materials is the second-harmonic type of magnetic 
modulation. The ferromagnetic core of an inductor is 
subjected to a symmetrical alternating magnetizing force, 
and the signal polarizes this core at low frequency (twice 
the shaft frequency) and distorts the flux wave asymmetri- 
cally (see Figure 3.10). In the absence of polarization 
the flux wave is symmetrical, and in particular contains 
no second-harmonic component. Polarization upsets the 
symmetry of the B/H loop (from the point of view of the 
alternating flux drive) and introduces a second-harmonic 
term into the flux waveform. This term is proportional to 
the polarization and reverses in phase when the polarization 


is reversed (Williams and Noble, 1950). 
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It can be shown that if triangular-wave modulation 
is used, and if one assumes the idealized magnetization 
curve of Figure 3.10 with the effects of eddy currents and 
hysteresis completely negligible, then the rms second- 
harmonic output for rms Signal flux p, is 


mbes 
e, = -8ng¢, f sin(w7 —) sin 4nft (3.91) 


where: f = modulator driving frequency 
H,¢ = Saturation field intensity of the 
core material 


A 
H = peak modulating field intensity 


n = number of turns on sensing coil. 


Substituting from Eq. 3.56, rms Signal becomes 


. are 
, = ~8n (5.41 x 10° Ax) fsin(7 —~) sin 4nft 
H 


@ 
II 


5 


H, 
nAfsin(7 — ) sin 4rft (3.92) 
H 


= 4232" x 9108 


Three main sources of noise are present: 

1. Modulated thermal noise 

2. Direct thermal noise 

3.  Barkhausen effect. 

The modulated thermal noise is that generated by 
the flow of low-signal-frequency currents in the polepiece 


laminations. These currents generate signal flux indis- 
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Figure 3.10 Basic Principles of an idealized second- 
harmonic-type magnetic modulator. 

(A) Assumed reversible magnetization 
curve. 

(B) Drive field intensity, with and 
without signal polarization. 

(CG) Core flux density, with and with— 
out signal polarization. 

(D) Signal coil voltage, with and 


without signal polarization. 
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tinguishable from that due to the rotating specimen. The 
effect can be made negligible by suitable lamination of the 
magnetic circuit, as was discussed in Section 3.3. 

The direct thermal noise is that generated by 
thermal agitation in the resistance and losses of the sig- 
nal winding at the high signal frequency. It is of the 
Same order of magnitude as that for the direct-sensing 
coils considered in Section 3.5 but its effects are less 
because of the high sensitivity of this coil by virtue of 
the high signal frequency. 

Barkhausen noise is that arising from the random- 
ly timed impulses which comprise the essentially discon- 
tinuous process of magnetization. The spectral density of 
Barkhausen noise near the output frequency of a magnetic 
modulator has been analyzed (Macfarlane, 1950), making 
several simplifying assumptions. Although no absolute 
quantity could be predicted, the spectral power density of 
noise was predicted to be 

A. fist 
NA Fes ae) (3593) 
M 
where: A, = cross-sectional area of modulator core 
M = number of Barkhausen transitions 
between zero magnetization and 


saturation 
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Ss = standard deviation of the instant of 


occurrence of a particular pulse 


hve 


(3.94) 


on sat 
(SQtaceitcor 
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It is assumed that s is inversely proportional to the speed 


of transition, i.e. 


=i 


dH 


dt 


S oC 


By fn (3.95) 


It is further assumed that the number of transitions Mis 
proportional to the core volume AL, where £ is modulator 


core length. Thus Eq. 3.93 becomes 


A, f 
W «x ——@ (3596) 


IN 
LH 


Since noise voltage is proportional to the square root of 


noise power, 


1 
Ad u\e i 
e «x ——- (3197) 
n iS 
L H 
and from Eq. 3.92 signal voltage is proportional to 
. aioe 
e, « fAxsin (7 ) (3.98) 
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Ss = standard deviation of the instant of 


occurrence of a particular pulse 
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It is assumed that s is inversely proportional to the speed 


Of transition, ,«~.14e. 


al 
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It is further assumed that the number of transitions Mis 
proportional to the core volume AL, where £ is modulator 


core length. Thus Eq. 3.93 becomes 


Ww. <x —— (3596) 


Since noise voltage is proportional to the square root of 


noise power, 
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and from Eq. 3.92 signal voltage is proportional to 
3 nese 
e, x fAxsin (7 ) (3.98) 
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Similar modulator noise characteristics were reported by 


Higuchi (1970). Eq. 3.100 now becomes 
e 1 
re kAx(t R_)2 (3.102) 
e, 
where 
is 
kos 


AK ink f" R,)? 
a 


(i. aaekenoes). (1500 ixe10%) 2 


614 (30:3) 


Therefore Eq. 3.102 becomes 


e 
2 


1 
ae 614A K(f R_)” (3.104) 
n 
It was shown in Eq. 3.60 that R_ must not exceed 2.18 x 10° 
4 
amp/weber. With that value, and f= 10 Hz, the signal-to- 


noise ratio becomes 


e, 7 
—-= 9.06 x 10 Ak (3.105) 
e, 
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Scouten (1972) suggested the use of an improved 


modulating waveform to effect higher sensitivity. Kawanishi 
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(1972) reports a gain in sensitivity of about an order of 
magnitude with dual-frequency excitation of the modulator 
core. Even allowing for such improvements, however, the 
sensitivity of this type of modulator is much inferior to 
that attainable with other signal coil arrangements 
previously discussed. It could be useful for measurement 


of bulk susceptibility, however. 


3.7.2 Villari-effect Modulators 


In a mechanically driven modulator Barkhausen 
noise can be made arbitrarily small by minimizing the 
direct flux passing through the modulator. The total input 
direct flux can be made vanishingly small by means of a 
feedback winding carrying a current proportional to the 
peak intensity of the modulated signal flux, and of such 
polarity as to reduce the modulated flux intensity. 

A mechanically driven modulator making use of the 
Villari effect would require that a permalloy circuit ele- 
ment be strained so as to reduce its reversible permeability 
by an appreciable amount. The sensitivity of the modulator 
is directly proportional to the fractional change in per- 
meability. This is limited by the amount of tension which 
can be applied before the elastic limit of the core material 
is reached, as shown in Figure 3.11. The applied tension 
must be carefully controlled to avoid degrading the element 


irreversibly. A stretching mechanism which produces 
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Pigunees ell Variation of relative initial permeability 
with applied uniform tensile stress for 


45 — 1/9 Moly—permalloy. (After) Bozorthy toa) 
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non-uniform tension (e.g. Simple beam bending) makes this 
limit even more critical, since the peak stress is higher 
than the mean stress. It appears, then, that a mean 
applied stress of dt dmx sitar Naammee or about 10% of the 
elastic limit, is reasonable. From Figure 3.11 it can be 
seen that this would result in a reluctance variation of 
about 14%. Therefore the modulated flux waveform has an 
amplitude of about 0.14 times that of the unmodulated sig- 
nal flux. To regain the loss in sensitivity incurred by 
this amplitude reduction, and to allow a possible improve- 
ment in sensitivity of an order of magnitude over simple 
solenoid sensors, a modulating frequency of about 100 times 
the original signal frequency would be required. For a 
Signal frequency of 100 Hz, which has been assumed thus far, 
the modulating frequency would have to be about 10 kHz. 

In order to minimize the mechanical drive power 
required, one would normally employ a tuned mechanical cir- 


cuit. The dissipated power is a function of the mechanical 


Q-factor: 

A 

@, E 

Pp = (37 06) 
Q 
A 
where: E = peak stored energy 

@, = modulating angular frequency 


The approximate drive power required can then be found by 
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assuming uniform stress and strain. Peak stored energy, 
for a given applied pressure, is directly proportional to 
the volume of the modulating element, which is therefore 
made small. The volume is primarily dictated by the mag- 
netic reluctance needed and the ease of obtaining the 
required dimensions. It can be seen from Eqs. 3.67 and 
3.73 that if one is to achieve a sensitivity gain of, say, 
4 over the bridged solenoid pair, it is necessary that the 
ratio A for the modulator core be less than oe Te even 
with Meee eee laminations. Arbitrarily setting the mini- 
mum usable length at 1 cm, we thus find that the minimum 
cross-sectional area is 0.1 cm’. This can be realized by 


a thickness of 0.1 cm and a width of 1 cm. The peak energy 


stored is 


N\ 


1 ; : 
> (peak pressure) (cross-section) (linear strain) 


1 2 
> (peak pressure) (cross-section) (length) 
Young's modulus 
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1 7 ~ 2 —2 
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ex ulOe aN 


he inne ny on (3.107) 


Say that a mechanical Q of 20 can be obtained. Then substi- 
tutingtEq: 32107 back into Eq. 3.106 gives 


PeatolSekhd0n ew (3.108) 


Thus for w= 6.28 x 10° (10 kHz) drive power is 0.15 watts. 


This is not difficult to generate and dissipate. 


-pem Ssrit yd Aaiendtdttiati ai Pa ee 
oid printetdo Bo eepe ocd bam boboan sonsouter of 
bap °4.€ .#ph mout nese od aso dt noreaemil 
.¥s2 ,20 nisp vsividienea 46 eveidos ot at eno ab sas ee : 
sie tedd yaseesven af fi ,tisq bioreios bepbixad end: 13v0 8 aly 
nove ,!m *Of) abel k¥eL ed! Bx0> scaniutom ott x00 obaas 
-inkm edd pabitee yiieerticdak .enocbtsdkmel aoxoie*es) asiw : 
muminim oft dodd butt aad? ow vo I oe Aspael of eldsex mom 


vi bestises ed ns> eldt .*mo 1.0 et sexs tanotsoee-eeors 


yotens dAssq ed? stm I to débiw s Sne mp 1.0 to sxenkoitd! 5 
ei hexose . 
(nterdge teentl) (natdose-e2o075) (strpeestaq Ageq) +. “or mars, 
(d3pasl) (rottoen~2807>) *lesweee7q Ase) = ' ; 
2ulubom =2' payor . ~~, 
um *on) (Sm on) “(mw “OL e BI ee : 
se eee 
aU OGL xS 
| t . 
(TOL .E) mA «OL ee eb e "4 
-ijedue naatT .bentstido ed aso OF 10:9 issinsdoem ® jeit ys 
aovip a0L-€ spd cami dod TOL.2 .pa padsus 
(@07 56) : ) 


140 
3.7.3 Mechanically Variable Air Gap Modulator 


A possible design for a modulator utilizing the 
changing reluctance of variable-width air gaps is shown in 
Figure 3.12. Signal flux enters the modulator via the 
permalloy rings, passes through an air gap to the permalloy 
film, and by axial vibration of the film is shuttled alter- 
nately to polepieces A and B. The outer frame returns the 
flux to the main transducer to complete the circuit. The 
Signal coils shown produce an electrical output proportional 
to the magnitude of the modulated flux and its frequency. 

Assume that the reluctances of polepieces A and B, 
the permalloy rings, and the air gaps between the rings and 
the permalloy diaphragm are negligible. All reluctance is 
assumed to be in the air gaps between polepieces A and B and 
the diaphragm. In the diaphragm signal flux is essentially 
radial through an annulus with outside radius r, and inside 
radius 0.707 r, - The latter represents the radius of ‘cen- 
tral portions of polepieces A and B through which 50% of 
signal flux passes. 

The increment of the factor — of an annular ele- 


m 


ment of radius r and radial width dr is 


| dr 
Fe) emer (3.109) 
A 2mrh 


Thus the total effective ratio is 
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Figure 3.12 


Possible configuration for a variable-air-gap 


magnetic modulator. 
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tiesnumeracor equalssunity for t= 1.924r, Pelnieres a 
reasonable ratio. Then since, as in the Villari-effect 
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modulator, the ratio & must be less than 10 m , 
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The equivalent circuit of the modulator is shown 
in Figure 3.13. Note that the sensing coils are connected 
in series opposition to common-mode magnetic flux input. 
This makes the modulator insensitive to signal-frequency 
noise from the main transducer. This is important for 
avoiding modulating-frequency interference during bulk 
susceptibility measurements. As the diaphragm moves, IS 
increases when ce decreases, and vice versa. From Eq. 3.60 
the average value of the parallel combination or Ae and 
ie Must bess 2.18 x ae amp/weber. That is, at the med- 


ian position of the permalloy diaphragm, 
R = R < 4.36 x 10° A/Wb 
A B 
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Figure 3.13 Electrical equivalent circuit of the 


variable-air-gap magnetic modulator. 
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A veasonable minimum value for d is 2.5 x 10 meters. This 


is limited by deviations from flatness of the diaphragm. 


Therefore 
qd 
r = 
yee abate 
Oe a0 ee 4 
2] wey 
7 (4n x 10 ') (4.36 x 10°) 
= 3.81x10°%m | (34193) 
Therefore, since we set Sm S£1.925r.K, 
f,*= 7.32 x 10)° m (lea) 


In order to minimize stresses incurred in the diaphragm as 
its central portion is made to oscillate axially, the 
suspension radius r; should be maximized. We arbitrarily 
SeCiUa—  oeciis 

If we treat the diaphragm as a flat plate suspen- 
ded with negligible tension, and made to vibrate by applying 
a uniform pressure to its free surfaces, then maximum 


deviation is (Spotts, 1964) 
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where: 0, = Poisson's ratio 
Y = Young's modulus 
p = applied uniform pressure 
(ce radius of plate 


nh = thickness of plate 
For permalloy with Y ~2 x 10" Nem”? and Or 0s 


(3) (0.91) pr, 


~~ 
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4 
e pr 
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Nou 6908x210 mep (3) 


Thus for maximum deviation of 1.25 x ‘ie meters, applied 


pressure is 
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The maximum stress in the diaphragm is at the edge and has 
a value (Spotts, 1964) 
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(0.75) (7.40 x 107) (3 x 1077)" 
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This is a factor of eight below the inelastic-strain limit 
for permalloy. Unforeseen effects apart, this fact makes 
the air-gap modulator superior to the Villari-effect modu- 
lator which could attain only about 14% conversion 
efficiency with comparable stresses. 

In order to minimize mechanical driving power, it 
would be desirable to drive the diaphragm at its fundamental 
resonant frequency. The fundamental resonance of the edge- 
clamped diaphragm, assuming negligible spring constant from 


adjacent enclosed air spaces, is (Morse and Ingard, 1968) 
h Y % 
Ph = Oy =| | (355 152.0) 

0 rs oy he o, 


where: 09 density of the diaphragm material 


Spe HEX 9 10° kg/m* for moly-permalloy. 


Substituting previously stated values for h, r 


ew Y and O,r 


we obtain 


ats 
6 x 10 ese kaye ¥ 
2 0.47 } =| ; 
9.0 x 10 Gee] Ou Oman Lee 1t0 809) 


419 Hz (eae 2st) 


eal 
| 


This frequency is too low to be useful for some purposes. 
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If a higher resonant frequency is desired, it may be obtained 
by sealing one of the cavities adjacent to the diaphragm. 
This cavity would have the same area as the diaphragm and a 
mean depth d. If the axial movement of the diaphragm is 
assumed to be uniform over its surface area, the mechanical 


compliance C of the air cavity would be (Beranek, 1954) 


volume of cavity 


p c? (area of diaphragm) 


d 
i . [ee 22) 
(p,¢ ) (rr, ) 


where: Re density of air 


Cc velocity of sound in air. 


At an atmospheric pressure of 10° N/m? and an ambient temp- 
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Thus the resonant frequency of the diaphragm would be 
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The actual resonant frequency would be somewhat lower than 
this because the diaphragm is restrained at its edges and 


therefore does not move uniformly. 
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The required diaphragm pressure of 740 Nem” 
could be conveniently applied as air pressure Since it 
represents about 0.7% of atmospheric pressure. There are 
no problems with phase variations across the diaphragm if 
frequency is kept sufficiently low that the polepiece 
radius t. 25 much smaller than the wavelength of the 
corresponding sound wave in air. This is true for any 
operating frequency below about 10 kHz. 

The pressure level of 740 N-m~° represents a 


sound pressure level of 151 dB (0 dB = 2 x Oe Nem? 


). 

This level should be readily obtainable in a small cavity 

by using a small (approximately 10 cm) loudspeaker. The 
sound wave can be ducted through fairly rigid tubing, such 
as copper, with approximately 5 mm inside diameter. fThis 
effects separation of the loudspeaker coil from the signal 
coil, thus minimizing coupling between them. The main 
ariving frequency of thervoice coll 1s note critically jim- 
portant, unless it causes overload, since it differs from 
the signal frequency by twice the shaft rotational frequency. 
However, the band of noise about the driving frequency and 
the finite bandwidth of the synchronous detector demand that 
coupling be minimized. A schematic diagram of the acousti- 


cal driver is shown in Figure 3.14. 
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Figure 3.14 Possible acoustic drive arrangement for 


the variable-air-gap magnetic modulator. 
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3.8 Signal Coils in the Specimen Gap 


As the direct field applied to the specimen is 
increased certain magnetic components of the rock begin to 
behave nonlinearly or even saturate, especially if they 
appear aS acicular particles of high aspect ratio. Even 
stronger nonlinearities can occur with basal-plane align- 
ment of hematite crystals. This was discussed in Section 
1.6. To examine this behaviour and its possible usefulness 
in conveying geological information, it is desirable to be 
able to detect the specimen's magnetization perpendicular 
to the applied field as the specimen rotates. This can be 
done by placing sensing coils near the specimen and in the 
plane parallel to that containing the bulk field direction 
and the axis of rotation of the spinner shaft. These coils 
would require a fairly wide phase-linear bandwidth so that 
most of the harmonic content of the nonlinearities could be 
retrieved. The dimensions of the coils are limited by the 
specimen gap dimensions and those of the cylindrical opening 
for the spinner shaft. The coils are shaped to partially 
wrap around this cylindrical opening and thus optimize coup- 
ling to the specimen. See Figures 3.15 and 3.16. A large 
number of turns, which implies high impedance, would mini- 
mize amplifier noise effects while a smaller number of 
turns with lower impedance would avoid the effects of inter- 


turn capacitance in producing resonances in the band of 
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Figure 3.15 Specimen gap signal coils for measuring 
magnetization perpendicular to the 


applied field. 
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Figure 3.16 Cross-section of the specimen gap signal 
coils as they would appear when viewing 


along the spinner shaft. 
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frequencies useful for signal. As a compromise between 
these requirements the coils are wound with 2500 turns each 
of #35 AWG enameled wire. Coil resistance is 700 ohms. A 
second pair of coils of comparable size but square cross- 
section is placed on the same axis as the above-described 
coils, but 4 cm farther from the specimen. They have the 
same number of turns and 600 ohms resistance. They are 
connected to a separate preamplifier and by appropriate gain 
adjustment their output is used to cancel noise pickup of 
the coil pair nearer the specimen. The combination consti- 
tutes essentially a field gradient sensing arrangement. 

Another set of four coils is placed in the speci- 
men gap to sense magnetization parallel to the applied field. 
Again, one pair of coils is wrapped around the cylindrical 
shaft opening, as well as around the polepiece, while the 
other pair of coils is placed on either side of the shaft 
opening for noise pick-up cancellation. See Figures 3.16 
and 3.17. These coils have 1750 turns of #30 AWG enameled 
copper wire each. The coils nearer the specimen have 350 


ohms resistance, while the far coils have 300 ohms. 
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FIgures3. l/ Specimen gap signal coils for measuring 
magnetization parallel to the applied 


field. 
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The sensitivity of the coil pair for measuring 
Magnetization parallel to the applied field is calculated 
for comparison with previously calculated sensitivities. 

For peak-to-peak susceptibility anisotropy Ak the rms signal 


OUtDUL can bes tound*tromegeq. 3.12 


—5 
e = 3.40 x 10 fnAx volts (S942) 


s 
Inethis cacem= 2500 turns for the series connected pair, 
while their resistance is 700 ohms. The actual sensitivity 
is rather larger than this because the coil is more closely 
coupled to the specimen than coils which are wound around 
the magnetic circuit elements. In effect, the gap volume is 
decreased by approximately the ratio of coil-to-polepiece 
area. This increases signal output by the same ratio, as 
shown in Eq. 3.3. For the dimensions used, this ratio is 


approximately 2.0. Thus signal output is 


e = 6.8% 10 (@5007fAx 


Ss 


0.24 fAk 03195) 


The rms thermal noise voltage (Johnson noise) 
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e, = (4kTR.AF )% (3.126) 
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For T = 293°K and R, = 700 ohms, noise voltage is 


ed 1 
e = 3.36 x 10 (Af)* volts (ea) 
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Thus from Eqs. 3.125 and 3eis2vreche signal-to-noise ratio is 
e 2.4 x 10 fAk 


ee 
e BE SOR ALS 
fAK 
0.71 x 10 —r (3.128) 
Aft? 


Substitute the same reasonable limits on f andAf as before: 


f = 100 Hz 


Af 0.1 Hz 


Thus a reasonable limit on signal-to-noise ratio is 
< 10 
— = 2.25 x 10 Ax (3. 162.9) 


Thus the thermal-noise-limited sensitivity, based, on signal 


being equal to noise, is 


Ak = 74. dou LOiewn miesu 


min 


ah (5.130) 
Fam pq 10 emu/cm? 
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if the coils' thermal noise is the limiting factor. 
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CHAPTER 4 
DESIGN OF A NEW MAGNETOMETER 
4.1 The Magnetic Circuit 


Ale Looe Lela UnLECrmiTty 


The dimension which was arbitrarily established 
at the beginning was a specimen size of 2.5 cm diameter and 
2.5 cm length. To allow for the specimen to be rotated 
about three perpendicular axes, and to allow space for a 
specimen holder and shaft, with suitable clearance for the 
latter, it was decided that the specimen gap should be 5.0 
cm wide. This dimension sets a lower limit on the pole- 
piece dimensions by virtue of the field uniformity neces- 
sary. 

It was shown in Section 2.4 that symmetric devia- 
tions from field uniformity over the space occupied by the 
rotating specimen should have a peak-to-peak value of less 
0.1% for acceptably small effects of bulk susceptibility 
nonuniformity within the specimen, as well as effects from 
the specimen shape factor. Deviation components which in- 
crease monotonically and linearly over this critical volume 
are not as objectionable, at least from the point of view 
of the shape factor of symmetrical specimens, and about 
0.25% could be tolerated. Assuming that individual pole- 


piece laminations have straight edges, and that the plane 
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of the laminations of the outer polepieces coincides with 
the plane of rotation of the specimen, a taper of as much 
as 1% over a 15 cm polepiece can be tolerated. For a 

5.0 cm gap this necessitates spacing accuracy of about 
On/5emm 2h Thaseis not. very difficult. Had the plane of the 
laminations been placed so that a normal to the laminations 
was perpendicular to the shaft axis, then the taper problem 
would have been aggravated by the difficulty in producing 

a flat surface in the specimen's rotational plane. For 
perfectly straight-edged laminations having a very high 
normal permeability, the principal cause of symmetric de- 
Viator £rom Wn fori ty. isthe: fringingict velds.ts To calcu- 
late field uniformity, a computer program was drawn up by 
R. Teshima of the Physics Department at the University of 
Alberta to solve numerically Laplace's equation in cylin- 


drical coordinates: 


eee a at eh eT (401) 


ry @W aw 
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where: W = magnetic potential 


r 


radial dimension 


z axial dimension 


Not only the polepiece frontal surfaces, but the polepiece 
edges, the magnet edges, and the entire outer magnetic cir- 
cuit are accounted for. It is assumed that the polepieces 


and outer magnetic circuit have infinitely high normal 
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permeability and therefore represent equipotential sur- 
faces. The magnet blocks are assumed to have a linear in- 
crease in potential with distance along their magnetic 
axes. The generalized configuration and dimensions are 
shown in FKigure 4.1. 

The relaxation method is used to calculate the 
field within the gap (Della Torre and Longo, 1969). The 
magnetic potential W(r,z ) is repeatedly evaluated for 
allepoincs On acy lindricalscoordinate grid with points 
separated both radially and axially by distances of 0.5 
cm. At each reevaluation the results of the most recent 
computation are used at the neighbouring points. This 
process is continued until the incremental change at each 
iteration becomes satisfactorily small. The incremental 
change worked toward in these evaluations is 0.001%. 
Typically, some 200 iterations are required to accomplish 
this. Briefly stated, the results indicate a symmetric 


peak-to-peak deviation as indicated below: 


diameter of main polepiece deviation 
2, Ome OL25% 
3 Omen 0.10% 
WSs lO) fon! 0.05% 
0 em 020253 
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Figure 4.1 Magnetic circuit dimensions for gap-field 


calculations. 
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computation were: 


fs = 17 cm 

Cee. ecm 

b = 7.5 cm 

d = 9.5 cm \ 


The largest polepiece diameter (17 cm) was chosen in order 
that residual nonlinearities were due to unavoidable dimen- 
sional and permeability effects in the polepieces. 

Figure 4.2 shows the field contours which were 
computed for the 17 cm polepiece diameter. The contours 
show the percentage deviation from the field intensity at 
the center of the gap. 

Because of the necessity to use a laminated 
structure, it was decided that cylindrical symmetry could 
not be maintained in the polepieces and outer magnetic cir- 
cuit. Accordingly, square polepieces of side 15 cm, thus 
having the same area as the 17 cm circular ones, are used. 
The outer magnetic circuit does not cylindrically envelope 
the inner magnetic circuit. It was found from the uniform- 
ity program that this does not have an important deterior- 
ating effect. 

In practice it is expected that potential gradi- 
ents along the polepiece surfaces, due to transverse flux 
components, set the limit to field uniformity for the 


dimensions chosen. The air gaps between the polepiece 
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Figure 4.2 Magnetic field contours computed for 

cylindrical polepieces of 17 cm diameter. 
Other polepiece dimensions are: 

r, = 17 cm 

a= 2.5 cm 

Dio ecrt 

a= )925)cm 
The diagram shows deviations in the axial flux 
density from its mean value on the central axis. 
Deviations are plotted on a 0.5 cm grid. Values 
are in parts per million. Curves of equal devia- 
tion are plottedstors0, 100 ppm, .and = 2008 rpm. 
Since the field contours are symmetrical, only 


one quadrant is plotted. 
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sections on either side of the specimen gap serve to 
ensure that the main transverse fields are within the 
polepiece halves farthest from the specimen gap. Even so, 
fringing field flux demands transverse components of about 
10% of the bulk axial component. This amounts to about 
0.01 T, and with a normal permeability of 10° causes a 
magnetic potential gradient of about 1.0 A/m along the 
poleface. The gradient is somewhat higher in the direc- 
tion normal to the plane of the laminations because of the 
higher reluctance due to the minute air gaps crossed be- 
tween laminations. Therefore this direction is kept out 


of the plane of rotation of the specimen. 


4.1.2 Materials and Dimensions of Components Requiring 


High Permeability 


The magnetic circuit shown in Figure 3.7 uses a 
high-permeability shell rather than placing the magnets in 
the outer legs because this configuration shields the 
specimen gap from externally-produced magnetic variations, 
at™=ileast-an the*direction7of thetsignal flux. “For this 
reason the outer shell should have a very high reversible 
permeability, even while carrying the direct magnetic flux. 

A molybdenum permalloy alloy, Permalloy 80, manu- 
RAStULrcCAO=bysMagnetics, Ince in the fLOrmeoOr cola rolied 


strip, was chosen as the material for the polepieces and 
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outer shell. Its composition includes 80.4% nickel, 4.4% 
molybdenum, and 0.6% manganese. It was chosen because: 

1. It has very high initial and reversible 
permeabilities, with an acceptably high 
saturation flux density of 0.8 tesla. 

2. At the composition of Permalloy 80, and 
with suitable heat treatment, the magneto- 
strictive coefficients are minimized 
(Weiner, 1969). This is very important in 
eliminating spurious magnetic effects due to 
vibration and strain. 

In order that the outer shell retain a high 
reversible permeability, even at high signal frequencies, 
it is necessary to laminate it. The skin depth of permalloy 
at 400 Hz, assuming a reversible permeability reduced to 


5O00Tdueo tordirect Flux}? ishMabout’ 2. 77x 198s ies his sug — 


gests the use of laminations about 6 x 1008 m thick. As 
will be shown later in this section, the requirement of 
thermally generated noise is even more restrictive. Thus 
laminations of thickness 3.56 x 10. m (the standard 14 mil 
gauge) were chosen. The same laminations are used for the 
polepieces. 

The initial design was based on a maximum direct 


flux density of about 0.1 tesla in the gap. For the size 


of polepieces used and the leakage factor associated with 
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them, ..this. implies, total flux of .3 437, x tite webers. If 
this flux is to be carried by an external shell consisting 
of two 15.cm stacks of 2.5 cm wide laminations, the flux 
density in the shell is 0.449 tesla. This is sufficiently 
far below saturation to be acceptable. Two stacks of 
laminations of this width make up the 5 cm thick polepieces. 
The laminations in each stack are at right angles to those 
in the other to afford the best field uniformity across the 
entire poleface. A small air gap of depth 0.18 cm between 
the polepiece stacks allows the polepiece to behave as a 
filter for inhomogeneities in the magnet blocks (Evans, 
196.05 « 

It remains to consider the balancing gap neces- 
sary for the magnetic bridge configuration, and the small 
polepieces to carry the signal flux from the balanced 
bridge to the flux sensor (solenoid, magnetic helix, or 
Magnetic modulator). The field need not be uniform in the 
balancing gap and so polepieces are dispensed with. The 
magnet blocks for the balancing gap are similar to those 
for the specimen gap, since equal magnetic potential and 
flux are required to balance the bridge. The magnetic 
potential due to the signal is developed between the outer 
shell and a 15 cm by 15 cm stack of 2.5 cm wide laminations 
between the central magnet blocks. Signal flux is carried 
to the sensor through Zao eChinotaCkS Orme. .2 oe CMawldey. LOU 


micron thick permalloy laminations. These do not carry 
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the magnet flux and so operate with initial permeability. 
A diagram of the magnetic circuit is shown in Figure 4.3. 


It is shown in perspective in Figure 4.4. 


4.1.3 Eddy Current Noise 


Assume a uniform permeability throughout the 
permalloy laminations. Therefore thickness must be less 
than skin depth. For the material used, a reversible 
permeability of 8000 implies a skin depth of 427 microns. 
Since the main magnetic circuit carries a direct flux as 
well as a signal flux, the reversible permeability is 
smaller than the normally assumed value of 20,000. 

As shown in Eq. 3.31, the magnetic noise flux 
associated with eddy currents in a circuit of length ce 
cross-sectional area A, and having total reluctance R is 
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Af = observed bandwidth 


Therefore for a bandwidth of 0.1 Hz: 


1s Ole Ome ) 
?, == 4/ — webers (4.3) 
R A 


Since the reluctances of the specimen gap and the balancing 


gap are equal, the square magnetic noise flux is simply the 
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Figure 4.3 Plan view of the magnetic eCirculc. 
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Figure 4.4 Perspective view of the magnetic circuit. 
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ao 
sum of the squares of the magnetic noise fluxes of the 
magnetic circuit elements in series with either gap. 


pd = QP, + ’s + b + Pp (4.4) 


where the subscripts refer to the four sections of the 
Magnetic circuit similarly labeled in Figure 4.5. The 


ratios of length to area for the circuit elements are: 


Lee 3am we 
A: —_— = = = 43 m 

A Oar Se Ae m2 
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A Phe coe SED) m2 

(4.5) 
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One can now substitute these values into Eqs. 4.3 and 4.4. 
If the reluctance of the permalloy circuit elements and the 
flux sensor are assumed to be negligible, the reluctance 
may be taken to be 2.18 x 10°SA/Wh. “Thus )the total noise 
bus 2S 
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Figure 4.5 Divisions of the magnetic circuit to facilitate 


estimation of magnetic core noise produced. 
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To convert this noise flux into an apparent susceptibility 
anisotropy, consider Eq. 3.56 for signal flux given negli- 


gible bridge sensor core reluctance. 
¢, = 5.41 x 10 °AK  webers (Ae) 


Then if noise flux equals signal flux, the limiting 
susceptibility anisotropy which can be detected is 


agi se aero 


Wc = = 
Bee) 
=F 1s 25 0 oat (4.8) 
The above result is shown graphically for a 
series of lamination thicknesses in Figure 4.6. It can 


be seen that if the limiting sensitivity is to be that of 
the magnetic helix sensor (i.e. about 4 x Togs mksu) the 
lamination thickness should be about 300 microns. For 
this reason the 356 micron thickness (standard 14 mil 


gauge) was used. 


4.2 Establishing the Bias Field 


4.2.1 Design of the Magnet Structure 


For reasons mentioned in Section 2.4, it was 
decided to use a direct field rather than an alternating 
one to magnetize the specimen. It is difficult to get 
sufficient amplitude stability in an alternating field. 


Also, magnetic hysteresis and eddy current losses involved 
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Figure 4.6 


Magnetic core noise ernaticnd by the main 
magnetic circuit, as a function of lamination 
thickness t. 

Bandwidth Af = 0.1 Hz 

Reversible permeability w, = 8000 


Skin depth 6 = 427 pm. 
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in setting up an alternating field of suitable magnitude 
would be prohibitive and the resulting stresses could not 
be tolerated. Furthermore, Barkhausen noise associated 
with an alternating field was expected to have become the 
dominant noise component. Having decided on a direct 
field, it remained to choose between solenoid and perma- 
nent magnet excitation. Compactness and large-field 
capability would favor use of a solenoid. However, the 
problem of I?R power losses in the coil windings and the 
difficulty of generating noise-free current, even at zero 
frequency, prompted the use of permanent magnets. 

Because of the shape of the specimen gap, where 
most of the magnetostatic energy is stored, it was decided 
to use anisotropic barium ferrite magnets. These have a 
ratio Py at maximum energy product BH, such that no 
area~changing polepieces are required between the air gap 
and the magnet blocks. Furthermore, barium ferrite is 
inexpensive per unit energy capacity and has negligibly 
small eddy current losses. 

For several reasons, it was decided that the 
magnet blocks would be magnetized after assembly of the 
transducer block: 

1. Since the blocks are magnetically "“open- 

circuited" before assembly, and since their 
magnetic hysteresis loops are not reversible 


in the second quadrant, they cannot attain 


iit 


r ; 
T ie 


eet vo i Ae | 
obud ieeam cidesina ee eitismaback' ns ao onldion er a 
_ tom biae soazaxd2 paksivess edt bas sai eagetie VE bluow: 
betetoores selon neauedlaeh otomreds3d -bosstatod ed = 
ott emoced oved 62 Redosaxe @sw bleit ontieiied ts os thw = 
toeaih 6 no beblioed en » tasnogmoo ee ey " 
~simeq Snes btonteloe sialanidiec seoono o¢ benismex $h bist? 
bfeit-spusl bas exsasonams> ,notestioxe “sonpsm jnom 
af? (vevawol vbioneiee 9 20.020! xove? bluow yetitdegss: 
sat Bris apribaiw [ios sits wt aaesol sewod a'r 20 meldoxg 
ote: das neve desde epndsneion paiissxsasp to yea kB 
eo etpsm sali cas Yo suu sd? betqmord .voasuper? 


Stoliw ,qep nemiosge ‘act to egefa ont 20 eens2e8 ; 
hefinek esw di \berode ed yprans Dissteosenpsm edz to t#om 
5 aved semadT Slate nail evitzel mitsd oiqoytoains eau ot 
or ted3 tome Aart souboxg yexrene mumixem 35 ns otssy 

qep tis oft nsowiad bomkenes gu6 asoeiqselog ca kbkadsaaene = 
at otixret? mukxzed ,oxosrrerigtwt .edpold tenpsm ans bas 
yvidipitpen esa. = hill yerene siaw “t08q eviensqxent 
eaneRol $aeruso ybbo [isma 


omit ted bebtosh eew tt .amoeset baxeven xrOF | 


dit Yo yidweses 29938 basitonpem ed bivow exootd tenpam 
:doold ssoubens1d > 
-neqgo” witeogsenpsm oie \eXootd afd oonte At” © 
“wbed? conte bas \yidmedes esoled "betivorto =~ 


i 
) 


Peal ene Ol i eae 


186 


maximum energy product after assembly unless 
they are remagnetized. Different magnet 
materials are so affected to different deg- 
rees, but the only materials not strongly 
affected, such as isotropic barium ferrites, 
have rather small energy products even at 
optimal conditions. 

2. It was desired to be able to vary the magni- 
tude of the bias field in order to examine 
the effect on susceptibility anisotropy of 
different values of bias field. Thus mag- 
netizing/demagnetizing coils had to be in- 
cluded. 

3. While magnetized, the magnet blocks exert 
such large forces on each other and on mag- 
netically permeable components, that they are 
extremely difficult to work with and assemble. 

4, There is an irreversible loss in magnetization 
when the magnet blocks undergo the temperature 
changes incurred during the epoxy casting 
process. (Tenzer, 1956). 

By following the procedure now to be outlined for 

several thicknesses of magnet blocks, it was determined that 
1.9 cm thick blocks of Arnox 5 would provide a field of suf- 


ficient intensity. The maximum gap flux aimed for was 
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0.1 tesla. The magnet blocks are actually only 1.75 cm 
thick because of the optional surface grinding which was 
done. 

Figure 4.7 indicates Ue cae valy thevapprox— 
imate flux leakage paths around both the magnet blocks and 
the specimen gap. The leakage factor, defined in Section 
3.1, for a pair of cylindrical polepieces with dimensions 
as indicated in Figure 4.8, can be interpolated from the 
family of curves given in Figure 4.9. These curves give 
the leakage factor for air gaps as a function of the two 
ratios of dimensions %4 and "gy . 

For the specimen gap: 

d = 2.54 cm 


Xe~ eo Oa CM 


rg ~ 8.6 cm (4.9) 
x 
= = iL 
d 
Ig 
aa Bt! 
d 
Therefore the specimen gap leakage factor is 
fo5 =40.45 (4.10) 


The leakage factor for the permanent magnet blocks is 
equal to that of an air gap of equal dimensions, divided 
lay Gl Geckeh wah a Bas Hy which is simply the normal relative 


permeability of the permanent magnets at their operating 
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Figure 4.7 Approximate direct-flux leakage paths 
(shown for half of the main magnetic bridge 


circuit). 
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Figure 4.8 Generalized polepiece dimensions for 


estimating air gap flux leakage factor. 
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Figure 4.9 Flux leakage factor for a pair of cylindrical 


polepieces, as a function of dimensional 
x r 


ratios — and ei (After Kroon, 1968) 
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leakage € 


point. The equivalent air gap has dimensions: 
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(4.12) 


At its operating point, the magnet block was estimated to 


have a normal relative permeability: 


By 


iN2 
bY 
SH 


Ho Hy 


(4.13) 


Therefore the effective leakage factor for the magnet block 


is 
Oe25 


ca 


(4.14) 


Note that since the outer surface of the outer magnet gap 


is considerably larger than the corresponding inner surface, 


the magnet blocks are made to protrude 2.5 cm past the 


outer surfaces to avoid increased leakage. 


It is assumed 


that the leakage due to the short air gaps between the 


adjacent polepiece stacks is negligible. 


The total leakage 


factor is simply the sum of the component leakage factors, 


Which) Vs. 0270. 
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TO} iindethie operating point (Bi 1) of the per= 
Manent magnets on their hysteresis curve, one computes 


B : 
“tot from: 


(4715) 


By ~ — B, 


An ae HoH, 


where: Ag = area of air gap 
fg = length of air gap 
A. = area of magnet block 
Am = length of magnet block 


Boe yicgelieaLo 
POS theralr gap: 
Ag = (physical area of gap)(1 + total leakage factor) 
and since yp, = 1.00 


jae = physical length of gap 


For the magnet A,, ana £. are the physical area and physical 
length, respectively. Hence: 
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fee (2a 2 ce Oman? (2269 xc 1 OMe m) 


IE jabak (4.16) 


This slope yields optimum energy product ByHy of 2.75 x Os 


joules/m* for Arnox 5, as shown in Figure 4.10. 
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Figure 4.10 Demagnetizing curve for Arnox 5. Second 
quadrant only is shown. (From data published 


by Allegheny Ludlum Steel Corp.). 
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Therefore the total flux density in the specimen gap is: 


B 
Be ee ee a Ree 
1 + total leakage factor 


0-95 


wae) 


= 0.115 tesla CaS) 


4.2.2 Magnetizing Requirements and Magnetizing Coils 


Having decided to include magnetizing coils, it 
was necessary to design these to operate without producing 
excessive thermal stresses or requiring impracticably large 
power supplies. 

The manufacturer of the barium ferrite blocks 
recommends that they be subjected to a magnetizing force 
ene Go) Se Shee A/m to give a saturation flux density of 
1.27 teslas. However, the permalloy core pieces saturate 
at 0.87 teslas and would have to be taken well beyond 
saturation to generate the required field. The hysteresis 
curve for Arnox 5 in Figure 4.11 shows that very little is 
lost by taking the magnets to a flux density of only 0.87 
teslas. They are still virtually saturated. Thus the 
coils are designed to produce a uniform 0.87 tesla flux 
density throughout the core and gaps. This requires a 
magnetic field intensity of about 3.4 x 10° A/m for the 


Magnets and 6.9 x 10° A/m for the air gaps. We assume that 
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Figure 4.11 Magnetizing curve for Arnox 5. (From data 


published by Allegheny Ludlum Steel Corp.). 
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the permalloy polepieces require negligible field intensity. 

A flux density of 0.87 teslas throughout the core 
means a total flux of 19.5 milliwebers. However, the outer 
permalloy shell shown in Figure 4.3 saturates at a total 
flux of about 6.5 milliwebers for both halves. Thus an 
outer magnetizing frame is required to carry the remaining 
13.0 milliwebers, if the huge reluctance of the outer air 
path is to be avoided. Since a good magnetic shield is also 
desirable, the two functions are combined in a closed box 
constructed of mild steel and made an integral part of the 
transducer. Since mild steel saturates at about 1.9 teslas, 
a total cross section of 68.5 cm* throughout is an absolute 
Minimum. This implies a minimum thickness of 1.14 cm on the 
pieces normal to the core axis, and 0.44 cm on the pieces 
parallel to the axis. To keep the material out of saturation 
while still allowing for leakage flux not accounted for, the 
outer box pieces are made with thicknesses of 1.90 cm and 
1.27 cm, respectively. The end pieces of the shield box 
had to be spaced away from the outer permalloy shell so that 
thermal noise currents would not affect the signal coils, 
and so that the box could act effectively as a shield. This 
gap was arbitrarily set at 1.25 cm on each side. The gap 
requires a field intensity of about 5 x 10° A/m during mag- 
netizing. 

We can now determine the total magnetizing force 


required from the coils. Figure 4.12 shows that the total 
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Figure 4.12 Magnetizing force requirements of the main 


magnetic circuit elements. 
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ts. 1 26x 0e4 ampere, turns 42 effects, of.air gap peakage 
would reduce reluctance, hence relaxing the magnetizing 
force requirement. Thus 1.12 x 105 ampere turns is a 


Jtberal figure. 


4.2.3 The Magnetizing Power Supply 


Simple calculation indicated that the large 
number of ampere turns required for magnetizing could not 
be provided from the mains supply into a coil of reason- 
able size. Therefore it was decided to construct a pulse- 
discharge capacitor-bank supply. 

To avoid important eddy current losses in the 
solid steel outer magnetizing frame, the current rise in 
the magnetizing coils must be relatively slow. This outer 
frame has thickness of twice the skin depth at 14 Hz, 
assuming a relative permeability of 50. A long rise time 
also prevents damage to stress-sensitive magnetic compo- 
nents by minimizing the rate of change of stress. Large 
stresses that could result from elastic nonlinearities are 
thus avoided. Furthermore, slow rise times allow multiple 
coils to be switched by simple inexpensive relays rather 
than electronic switching arrangements, because synchroni- 
zation and contact-bounce problems are minimized. The rise 
time cannot be made arbitrarily large because of increasing 
ohmic losses during the magnetizing pulse and hence larger 


Capacitor bank energy storage requirements. 
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Still neglecting air gap leakage, the magnetic 


energy required is: 
E = > %BHV (4.19) 


where: B = induction 
= 0.87 teslas everywhere 
H = magnetic field intensity 
=96.99x% 102 0A/miin the main ait gaps 
= 5 x 10° A/m in the end gaps 


=o 4x1 02 sA/meanethesmagners 


V = volumes of the gaps 
= 2.42 x 10° m3 for the main air gaps 
= 5.62 x 10 ‘ m3 for the end gaps 
= 1.57 x 10° m3 for the Magnets. 
Thus we obtain that 
E> =" 1080" joules ( 462.0') 


To allow for leakage, ohmic losses, and residual energy in 
the capacitor bank at peak magnetizing current, a total 
energy storage capacity of 4000 joules was decided on. 
Electrolytic capacitors suitable for pulse discharge appear 
to minimize the size, weight and cost per joule of energy 
storage for ratings of about 400 volts. Since the capacitor 


stored energy is 


E =%CV’ (AR 22) 
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therefore, at 400 volts 


2E 
Corre: 
(2) (4000) 


(400) (400) 


0.05 farad Radek) 


Accordingly, fifty electrolytic capacitors rated at 1000 
microfarads, 400 volts D.C. are used. 

There was sufficient space within the permalloy 
Magnetic circuit for a solenoid consisting of 6800 turns of 
#17 AWG enameled wire. This wire gauge was chosen because 
it allows the wire to conform readily to the contours of 
the noncircular solenoids and permits a sufficiently large 
number of turns to allow the solenoid to be used as a 
Signal winding without requiring transformer matching to the 
amplifier. 

Mmeordemato get) l.12 x 10° ampere turns) from a 
6800-turn solenoid, the coil must carry a current of 16.5 
amperes. Rough calculation showed that the solenoid could 
be "matched" to the capacitor bank by dividing it into 8 
paralleled sections of equal resistance and approximately 
equal inductance. Thus the total current required from the 
power supply is (8) (16.5) = 132 amperes. 


We can now calculate the inductance of the solenoid. 
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inductance of 6800-turn series winding 


(number of sections )* 


neo 


12 
— Al 23} 
—) (3) (4.23) 


(1 + leakage factor) ( 


(area of gap) 


(1 + leakage factor) (p,) n*?) ———————_——- 
(64) (gap length) 


Since a leakage factor is included, the area of the gap is 
Simply the physical area of the polepieces. The leakage 
factor is estimated to be 0.40. It is different from the 
leakage factor previously calculated because the leakage 
flux due to the magnetizing coils has a different geometry 
from that due to the permanent magnets. The length of the 
gap is the sum of the effective lengths of the individual 
Gaps. Forethnejair gaps withip. = L.007 this is simply 
their physical length. For the magnet blocks, the physical 
length is multiplied by l/y, , for convenience evaluated at 


peak magnetization. 
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= 0.49 (4.24) 
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Since the remainder is carried by the permalloy shell. 
This is equivalent to increasing their area by 50% or de- 
creasing their length by 33%, for purposes of inductance. 


Thus the effective gap length is 


Nes = length of main air gaps + (0.49) (magnet gaps) 


+ (0.67) (end gaps) 


OP TOG ere C04 2) e007 0) tascO 167) (01025) 


Ooo 9em (4.25) 


Substituting this back into Eq. 4.23 gives 


L = 0.181 henry (4.26) 


Resistance of the solenoid was computed for the eight 
parallel sections, each measured individually 


R = 1.438 ohms (4.27) 


The maximum magnetizing current may now be 
calculated. The equivalent circuit of the magnetizing 
solenoid and capacitor bank is shown in Figure 4.13. When 
the switch is closed, we have a single series RLC loop for 


which, in general: 


di q 
L[L— + Ri +—e= 0 (4.28) 
dt G 


1 R )2 
In this case, Te > toc} , therefore the discharge is 
oscillatory. The solution to Eq. 4.28 is (Standard Hand- 


books for Blectrical Engineers, 1968, p. 2-138) 
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Figure 4.13 Equivalent circuit of solenoid and capacitor 
bank just before starting the magnetizing 


pulse. 
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400 VDC 
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i =- ——e°  singt (4.29) 


20 coulombs 


1 
1 R? Q 
. LC AL? 
= 9.67 sec. (4.30) 
R 
a =— 
2 
= 3.91 (4.31) 
For maximum current, differentiate and equate to zero: 
di q 
0 bs = 
—_— = -——- \ ag cos gt-ae a sin gt} = 0 (4.32) 
dt LCg 
g cos gt = a singft 
tangt = 9, = 3.47 
gt = 1.29 radians 
t = 0.1335 sec (A238) 


Substituting the values for q, nOw Aang |) INntOetd. 4.00: 


i = 129 amperes (a4) 
which is satisfactory. 
The magnetic circuit is arranged to make a bridge 
configuration for reasons cited in Section 3.5. In order 
that the bridge be balanced to direct magnetic flux, it is 


necessary to have independent control of the state of 
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magnetization of the magnets on either side of the bridge. 
Accordingly the pulse-discharge power supply is divided 
into two independent capacitor banks with an independent 


voltage regulator on each, as shown in Figure 4.14. 


4.2.4 Power Supply Circuit Description 


The circuits of the primary power supply, shown 
in Figure 4.15, and the regulators, shown in Figure 4.16, 
are relatively conventional. The diode decoupling network 
shown in Figure 4.17 is included with the capacitor bank so 
that in case of failure-by-shorting of one of the capacitors 
in the array, the other capacitors cannot discharge through 
it. An energy of 4000 joules could otherwise produce a 
serious explosion. It will also be noted that there is an 
array of rectifier diodes between the output relay bank and 
the solenoids. The diodes from output to ground clamp the 
output, and hence the capacitor voltage, essentially at zero 
after the capacitors have totally discharged. If this were 
not done, the oscillatory nature of the discharge would 
cause the capacitors to recharge in the reverse polarity, 
and would cause a reverse, or demagnetizing, current through 
the coils. Furthermore, the reverse charge would cause 
serious deterioration of the polarized dielectric of the 
electrolytic capacitors in the bank. This could lead to 
high leakage and ultimately to failure. The diode pairs in 


series with the solenoid windings ensure a unidirectional 
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Figure 4.14 Block diagram of the pulse-discharge 


magnetizing power supply. 
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Figure 4.15 Schematic of primary power supply for 


capacitor bank. 
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Figure 4.16 Schematic of voltage regulator for pulse- 


discharge capacitor bank power supply. 
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Figure 4.17 Diode decoupling network for the capacitor 


bank. 
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2. 
current, even if the inductances of the individual windings 
do not exactly match. Otherwise, one winding could effect- 
ively "short out" another higher-inductance winding by 
Carrying a reverse current. 

The temperature rise of the solenoids, assuming 
a total mass of 50 kg, specific thermal capacity of 385 
joules/kg °K, and total adiabatic absorption of 2000 joules, 
is 0.10 C°. This temperature rise is insufficient to cause 
differential thermal stress problems, provided pulses are 


not started in rapid succession. 


4.3 Electrical Interference and Shielding 


4.3.1 Types of Interference and Methods of Shielding 


Electric and magnetic interference is coupled 
into the transducer windings and low-level electronics by 
conduction, by near-field induction, and by radiation. 

The transducer windings are more susceptible to interference 
than the amplifier and wiring because of their large physi- 
cal size and high inductance. 

Conducted interference between two circuits can 
occur through any impedance common to both. Frequently, 
conducting paths exist between circuits because these cir- 
cuits share a common power supply and common ground path. 


There are a number of ways to arrange power supply wiring 
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and insert filters to minimize conductive feedthrough. How- 
ever, it is most effective to provide a separate dry-cell 
power supply for the first stage of amplification. This 

is done here. The magnetizing power supply is, of course, 
disconnected while the instrument is being used for measure- 
ments. 

Near-field induction results from mutual inductance 
and mutual capacitance between circuits. Its effects nor- 
mally diminish with distance from the interference source 
as the inverse square or inverse cube. On the other hand, 
the electromagnetic radiation field diminishes as the simple 
inverse of distance so that, at great distances from the 
source, the radiation field will predominate. At a distance 


r= So the induction and radiation fields are equal in 


27 
magnitude. At smaller distances interference is largely 
induction, at larger distances it is radiation. Since “ 
at 400 Hz is about 119 km, it is clear that near-field : 
induction predominates for this instrument. 

Electromagnetic shielding is a very effective 
technigue for suppressing both near-field induction and 
far-field radiation. The attenuation of electromagnetic 
fields as they pass through a permeable, conductive shield 
is directly related to the skin effect. The attenuation is 


precisely the same for electric current, magnetic induction 


and electromagnetic field intensity. The rate of 
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attenuation is given by 
1 
” 


f ot, 
a = 15.4 |————]  aB/m | (4.35) 


p 


This attenuation is caused by transformation of electric 
energy into heat. Using a mild steel having pw, = 150 and 


p = 10.’ ohm meters, the attenuation rate at 100 Hz is 
a = 0.67 x 104 aB/m (4.36) 


Another source of attenuation from shield mater- 
ials is that due to reflection as a wave passes from one 
medium into the next. The impedance of any medium to an 


electromagnetic wave is given by: 
E 
Lae (4.37) 
H 
Thus for free space we have an impedance: 


Lo 


I 


377 ohms ees Sie) 
In metals this impedance is related to frequency, permea- 


bility and resistivity by 


1 
Lexy = (jouobr P 2 


(nfo te p Ye (1 + 3) (4.39) 
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Using mild steel with wr = 150 and p = 10°’ ohm meters, 
(2 a ies cli WME Yue cy (4.40) 


r 
For distances r smaller than ss from an interfering source 
A 
(the near-field induction region), the ratio Ey Tsenot 
equal to 377 ohms. Rather, near an electric field source, 


the ampedance,of. free.space, is given approximately by 


j 
he B= 
2nfer 
5 
—ferineorxflord === (4.41) 
fr 


Similarly for distances r << oF from a magnetic field 
7 


source, the impedance of free space is approximately 


ho j(2nf por ) 


= om ss i ahie (4.42) 


In all cases, the reflection loss in dB is given by 
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Considering first electric interference in the near-field 
region, we see from Eqs. 4.40 and 4.41 that |Z. 6 |Z, | 

3 
for — < 104 Hz andr < 10 meters. Thus the reflection loss 


becomes: 
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Setting f = 100 Hz and r = 10 m, one obtains 
R= 10 log (4.13 x 10° ) 


= 106.2) a5 (4.45) 


Similarly, for near-field magnetic interference, we see 
from Eqs. 4.40 and 4.42 that |Z,|<< |Z,| for f~100 Hz 


and r => 1 meter. Therefore reflection loss is 


R,,°~ 10 log 
4Z, 


7.89 x 10 fr 


= 10 log | _———————_—__ 
42 (7.70 x 10 6) 5% 
25104 Logu(O sl eiat Zire) (4.46) 


Adainyesettimng f= 100PHZ and@r*= T0"meters, 
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Rie los log 8% 


dueaston tele) (4.47) 


Thus reflection losses for electric fields are very high 
while those for magnetic fields are quite low, especially 


at smaller distances. 
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The total shielding effectiveness, in terms of 


insertion lossS, in dB, of the shield is given by 
S=cot +R (4.48) 


where t a6" the shield thickness. In Section 4.2 it was 
shown that. a. .shreldithickness of 1.25 em satisfies its 
double requirement as a magnetizing frame. With this 


thickness 


S &.(0.67 x 104)(1.25 x 10°) + R 


Wt 


84 aB+R (4.49) 


Substituting values of R from Eqs. 4.45 and 4.47, one 
obtains the shielding factors for f = 100 Hz and r = 10 m. 


Se 


190 dB (electric interference) 


(4.50) 


Sy 


97) dB (magnetic interference) 


Avo 2 uEttects GOfea Holemin the Shield 


It is necessary that the transducer shield have 
at least one hole in one side to admit the spinning shaft 
and rock specimen. The effect of this hole on the shield- 
ing effectiveness of the enclosure is now considered. 

As a preliminary, we must determine whether the 
apparent reluctance of the transducer block, as measured 
between any two opposite faces, is materially different 
with or without the presence of the shield. If it were, 


the total spurious flux passing through the transducer 
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cross-section would depend on the shield's presence. We 
consider a cubic shield of side 40 cm. Using a mild steel 
with pw, = 100 and p = 10’ ohm meters, we get at 100 Hz a 


Skin depthror 


ce) 
re) 
Ce 50t 
u, f 
=< isola Yoo °om (5.1) 


Therefore the effective cross-sectional area is 


A, 


II 


(6 ) (shield perimeter) 


GEO se NT) 


2. 554x108 m2 (4.52) 


The effective cross-sectional area without the shield is 
simply 9(0.40)) (0.40) = 0.16 m-. Thus the shield reduces 
the area by a factor of 63. However, this reduced area is 
approximately balanced by the relative reversible permea- 
bility of the shield of 100. Thus the reluctance of the 
block at 100 Hz is essentially the same regardless of the 
shield's presence. Therefore the noise flux is only 
Minimally disturbed outside the shield. 

Consider a spurious, spatially uniform magneti- 
ZInGgeLOLCCaMMeInethoevyicinieysomethes (Lansdicch,.am. .ueenolse 
flux to be passed by a cubic magnetic shield of side x can 


be roughly approximated by: 
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Pars 
P,, =), Hy (cross-sectional area of “shield box) 
= HoH, x? (4753) 


For, the present calculation it may be assumed that alux 
passes passes with uniform density to a depth equal to the 
skin depth 6 below the outward-facing surfaces of the 
shield, with no flux penetrating below that depth. For 
this approximation to be valid it is required that all 
joints in the enclosure be magnetically "tight". This 
would require closely-fitting, overlapping panels, ora 
welded enclosure. 

Because of the non-vanishing reluctance of the 
shield walls, there is a magnetic potential gradient along 
the walls in the direction of the spurious magnetizing 
force. Although the equipotentials are somewhat distorted 
by the presence of the hole, we may assume, as a first 
approximation, that the magnetic field intensity H,’ with- 
ingthesnioles1s equals tomthatwean chert lux-carryingeskin, OF 
the shield wall, away from the immediate vicinity of the 


hole, as shown in Figure 4.18. This field intensity is 


flux density in the flux-carrying skin 


H.’ = 
y (#9) (reversible permeability of shield material) 
{4x6 Ho urt (4.54) 


As a further approximation, we may replace the magnetic 


effect of the hole with that of a current loop with its 
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Figure 4.18 Approximate equipotentials and flux lines 


in a magnetic~-shield wall containing a hole. 
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axis in the z-direction, radius a equal to that of the hole, 
and carrying a current 2aH,’. In general, the axial field 
intensity in the plane of a current loop of radius a and 


carrying a current i, at a distance d from its center is 


i a3 9a° 
H =— is + Pe Ay | (4255) 


20 4) 20a eetiod: 
a2 
If ae << 1, then the second and succeeding terms are 
negligible. Therefore 
ia? 
H~> — (4.56) 
4d* 
Thus, substituting i = 2qH,’, and using Eqs. 4.53 and 


4.54, we get the effective noise field intensity H, 


2aH, a2 
veh 4d3 
1 
2a3 1 il res) 2 
= HoH, x? es ee ae 
4d3 AX Ug Hr 504 p 
1 
Vp 
1, eX Cs/ent a\ aa 
= 2.5 x10 —jl|-— H (4.57) 
d*\u,e 
Thus the noise field leakage due to the hole is 
7 
L, = 
Hy 
1 
heh xa3 f 7% 
See eo LU) So (47,58) 
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Specifically, at the center of the shield where d= %*/2 


a3 f % 
L, = 2.0 x 10° — —| (4.59) 


xe Hyp 


Lakingedamini~mnunm value Ofe2,o cm Lor the hole radius a, 
setting xX = 40 cm as a maximum reasonable shield size, and 
substituting #, = 100 and p = 10°’ ohm meter for the mild 


steel used, we get for the leakage at a frequency of 100 Hz 


4 


= 26 eo 08 (4.60) 


This corresponds to shielding of 64 dB. Thus the existence 
of the hole clearly limits the shield's effectiveness. 

There are also holes required for mounting the 
electrical connectors, but these are smaller and may be 
placed immediately behind the outer shell of the permalloy 
Magnetic circuit. Hence they cause no problems. 

Where external noise is serious enough, the 
leakage factor of the hole can be materially reduced by 
placing a laminated silicon steel or permalloy collar 
around the hole, as in Figure 4.19. This results ina 
large reduction in magnetic potential gradient in the im- 
mediate vicinity of the hole, at the expense of a larger 
gradient elsewhere on the shield, where it is harmless. 

It should be noted that noise leakage through the 
hole depends on the orientation of the spurious magnetizing 


force. If it is perpendicular to the plane of the shield 
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wall containing the hole, there will be only a very small 
potential gradient across the hole and hence a small leak- 
age factor. Leakage becomes maximum where H, is in the 


plane of the shield wall containing the hole. 


4.4 Encapsulation of the Transducer 


4.4.1 Encapsulation Requirements 


It was decided to cast the entire transducer into 
a Single solid block for three main reasons: 

1. To minimize vibrations which would generate 

spurious signals. 

2. To minimize thermal fluctuations and their 

effects on transducer components. 

3. To sustain the large mechanical forces which 

act during and after magnetizing. 

Simple coherent vibration of the whole transducer 
is reduced by encapsulation only by virtue of the increased 
mass. Such vibration is important only in relation to the 
relatively small external electric and magnetic fields. 
These are largely controlled by extensive electrostatic and 
magnetic shielding; by suitable differential configuration 
of the magnetic bridge circuit, signal coils, and electronic 
amplifiers; and by sensing field gradients rather than field 
intensity or its time rate of change. 


Differential vibration of component parts of the 
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transducer assembly can produce enormous noise effects by 
virtue of the very large magnetic fields existing virtually 
everywhere inside the transducer shield. The permalloy, 
ferrite, and copper portions of the transducer are the main 
components which will produce signal in response to differ- 
ential vibration. All have internal mechanical resonances. 
They also resonate, usually at much lower frequencies and 
behaving approximately as simple masses, with their support- 
ing structures which provide a spring constant. In mini- 
mally supported structures both types of resonance can have 
a very high Q-factor because of the relatively small 
mechanical losses within the materials involved. 

Inevitably all transducer elements are mechanical- 
ly excited at the signal frequency. The rotating shaft 
exerts radial forces onto its supporting structure because 
of its imbalance. This imbalance results largely from non- 
uniformity of rock specimens and uncertainty in positioning 
them within the specimen cup. Only the second and higher 
harmonics of the rotational frequency are of importance, but 
even if the shaft imbalance were so distributed as to pro- 
duce only a fundamental-frequency force, the harmonics would 
be generated by the stress-strain nonlinearities present in 
virtually any mechanical bearing or support system. The 
magnitude of the forces transmitted may be minimized by 


mounting the shaft assembly and the transducer block sep- 
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arately on lossy rubber springs. There is also airborne 
(acoustic) noise from the rotating shaft because of imper- 
fect geometrical symmetry about the axis of rotation. This 
results from the®practical=necessirty “of using nonsphnerical 
specimens. The drive motor and coupling ball bearings also 
tend to produce considerable acoustic noise. Noise from the 
necessarily large main shaft bearings near the specimen cup 
was virtually eliminated by using aerostatic journal bear- 
ings, as will be discussed in Section 4.6. 

Both acoustically and mechanically transmitted 
noise apply a driving force to the external shield struc- 
ture. In order to minimize the effects of this force, it 
is necessary to: 

1. Mechanically support all transducer components 
in such a way that differential movement is 
minimized. This is best accomplished by 
filling all waste spaces within the transducer 
with a suitable stiff and lossy encapsulant 
substance. 

2. Ensure that the effective spring constant k of 
the total support of: each circuit element must 
give, with the mass of that element, a reso- 
nant frequency ty wert above 400 Hz. This 

27 %m 
is the highest fundamental signal frequency 


anticipated and is limited by the maximum 
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shaft speed of 200 Hz. 

3. Ensure that the mechanical supports have 
sufficiently great internal losses to make 
the Q-factors of the various resonances 
small, preferably smaller than unity. 

In regions where there is a thickness greater than 

3 cm or so of supporting encapsulant between two circuit 
elements, the effective modulus of the support is raised by 
embedding into it high-modulus ceramic pillars, strategic- 
ally positioned relative to the circuit elements supported. 
One of the lowest-frequency resonances remaining will be 
that of the entire magnetic-circuit-with-coils acting as a 
Simple mass and supported by the encapsulating material 
between the outer surface of the magnetic circuit and the 
enclosing shield structure (see Figure 4.20). The internal 
Structure Nas a™totel mass Of about 200 Kg. ~ The encapsu- 
lating material is assumed to act as a simple spring with 
rectangular geometry indicated in the diagram. Its spring 


constant is given by 


A 
pony (4.61) 
d 


where: Y = Young's modulus of encapsulant 
A = total cross-sectional area of spring 


d 


depth of spring in direction of com- 


pression. 
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Figure 4.20 Delineation of effective mass and spring 
for calculating the lowest mechanical 
resonance frequency of the transducer 


block. 
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If the resonant frequency te is to be made larger than, say, 


1O000RHz, then 


oa 
V 


= 472m 


ee Oc OU amen / (A262) 


Thus we find the modulus required: 


kd 
Yo 
A 
(7.9 x 109 N/m) (1.25 x 10? m) 
0.107 m? 
= 0.92 x 109 N/m (4.63) 


The presence of encapsulant in all spaces other than the 
two shaded in the diagram will further raise k and there- 
by f) . Since all other resonances are expected to be of 
higher frequency, a modulus of 10° N/m2 is appropriate for 


the encapsulant. 


4.4.2 Encapsulant Limitations 


One could not simply specify a casting resin 
of the required Young's modulus because of two limitations: 
1. Epoxy resins are powerful adhesives and con- 
tract considerably during and after cure, thus 
exerting large stresses on contained and con- 
taining surfaces. While the permalloy compo- 


nents must be held by the encapsulant, they 
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must not be permanently stressed beyond about 
10’ N/m?or there will be a considerable re- 
duction of the initial and reversible permea- 
bilities. Furthermore, even temporary stress- 
es must not exceed about 108 N/m? as they 
would take the permalloy into its elastically 
nonlinear region and would result in perma- 
nent irreversible loss of initial and reversi- 
ble permeabilities (see Figure 3.11). 

2. Stress due to temperature changes in a block 
made of materials with differing coefficients 
of thermal expansion could similarly be harm- 
ful-and*must) be kept’ to Wess “than 0’"N/m22 

A first approximation to the magnitude of stresses 

applied to embedded components may be obtained by casting 
small pressure transducers into the encapsulant material 
being considered. After cooling to room temperature, pres- 
sures as high as 2.3 x 108 N/m? have been observed in 

so-cad led “ai'qgid'™ "epoxy systems s(Stucki> et als-, L967) It 
is worth considering that for any Giventenesp sitet material, 
stresses produced on embedded components are anisotropic 

and depend on the aspect ratio or geometry of the embedded 
part. Indeed, if the aspect ratio becomes extremely large, 
as in a thin filament or film, the linear spring constant of 


the embedded component becomes much less than that of the 
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body of encapsulant imparting a stress to it. This being 
the case, the component is subjected to the same linear 
strain as the encapsulant, and the resulting linear stress 
is simply the product of strain and Young's modulus of the 
component. Thus, given a typical cure-induced linear 
strain of 1% in epoxy resins, and a Young's modulus of 
about 2 x 10" N/m? for permalloy, we get maximum stresses 
Ofpabouk pe XALOsgeN {m2 . 

In epoxies cure-induced strain occurs while the 
epoxy/curing-agent system is in a liquid state, while it 
is in a thermoplastic state, and after it has gelled. The 
strain is of two kinds: that caused by the reaction and 
rearrangement of the molecules into a more compact config- 
uration; and thermal shrinkage, brought about by the cool- 
ing of the cured resin from higher reaction temperatures. 
Most of the reaction-produced strain occurs before gella- 
tion, so that the effect can be largely offset by feeding 
in additional resin while the reaction progresses. Clear- 
ly, no stresses are developed before gellation. After 
gellation starts and for the remainder of the cure process, 
stresses are produced on embedded components. One very 
effective way to keep these stresses small is to incorpor- 
ate so-called "flexibilizing agents" into the epoxy resin. 
Although the name suggests production of a true elastomer, 


one actually obtains a visco-elastic "solid". Thus, even 
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after gellation commences, there is sufficient flow to 
largely relieve stresses as they are generated. Optimal 
stress relief is predicated upon curing at an optimum 
temperature which is high enough to keep viscosity suffi- 
ciently low for flow to occur, but low enough to keep the 
reaction rate and hence rate of reaction-produced strain 
build-up low. After curing is completed and the casting 
cools, the viscosity increases very rapidly and the epoxy 
becomes essentially an elastic solid. The lower Young's 
modulus of the flexibilized epoxy will keep stress due to 
thermal shrinkage from becoming excessive. A typical 
plot of pressure vs. temperature as measured by a pressure 
transducer during cooling is shown in Figure 4.21. 

A disadvantage of "flexibilized" systems is that 
some viscous behaviour remains even after cooling to room 
temperature. Thus, given large pressure and long periods 
of time, some flow will occur. It is thus necessary to 
provide nonviscous supports, embedded into the resin, to 
keep all components from shifting due to gravitational 
effects. 

Particulate filler materials may be used with 
the epoxy resin to further reduce cure-induced strain, re- 
duce the coefficient of thermal expansion of the cured 
composite to bring it nearer to that of encapsulated com- 


ponents and hence reduce thermal stresses, and to raise the 
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Figure 4.21 Pressure exerted on encapsulated pressure 
transducers by a flexible epoxy resin 
formulation after curing and cooling. 


(After Hanson and Tuzinski, 1959). 
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Young's modulus of the composite encapsulant. Young's 
modulus for a typical flexible epoxy is about 108 N/m?. 
In this application the modulus must be larger by one 
order of magnitude. 

For small loading volumes of filler, the cure- 
induced volume strain is reduced in proportion to the 
filler loading volume. The reduction in strain is brought 
about by bulk displacement of the resin with an inert com- 
pound which does not undergo permanent dimensional change 
during the cure process. In addition, the filler also 
absorbs exotherm heat and thereby moderates extremes of 
temperature change during curing. As loading volumes 
approach the maximum possible, volume strain decreases 
faster than the percentage of resin in the mixture. This 
is because a large proportion of the resin receives a 
positive mechanical volume strain from the filler particles 
to partially compensate for the negative volume strain due 
to the curing reaction. “Indeed, if for’ a filler one used 
equal-sized spheres of infinite modulus and in a closest- 
packed array, then it is clear that the two volume strains 
would completely cancel because a net volume strain of zero 
would have to result. For completely analogous reasons, 
the coefficient of thermal expansion and the compressive 
modulus approach those of the filler material when extremely 


high loading volumes of filler are used. 
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Unfortunately, the viscosity of a resin-filler 
system increases rapidly at large loading volumes. By 
considering a system of rigid, non-solvated spheres dis- 
persed in a viscous Newtonian fluid, Mooney (quoted by 
Seymour, 1972) arrived at a semi-empirical modification of 


Einstein's equation for relative viscosity: 


v 2256 
Sangli (4.64) 
vy ese KE, 
where: v = viscosity 
C = partial volume occupied by filler 
B = hydrodynamic factor. 


The factor B is itself a function of partial volume occupied 
by the filler, but approaches 1.91 for loosely packed 
spheres and 1.35 for close-packed spheres. Viscosity tends 
to infinity as maximum loading is approached. 

The problem is solved by putting the filler par- 
ticles in place before the resin, and then impregnating the 
entire unit with filler-in-situ. Even then, a very low- 
viscosity resin must be found and the impregnation must be 
done in vacuum. This also ensures that all non-filled 
voids, such as spaces between turns of wire on the coils, 
are completely impregnated. Various reactive diluents may 
be used with epoxies to reduce their pouring viscosity while 
not causing serious deterioration of mechanical properties 


after cure. Several proprietary resin systems were tested. 
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The resin selected was 3-M Scotchcast No. 237, which has 
a viscosity of 30 centipoise at 120°C, one of the lowest 
available. Gel time is about 90 minutes at 90°C and cure 
time is about 8 hours at the same temperature. Young's 
modulus is about 2 x 10° N/m? after cure. Typical cure- 
induced stress curves are given in Figure 4.22. Inverse 
viscosity is plotted against time for two curing tempera- 
tures in Figure 4.23. 

To raise Young's modulus by the necessary factor 
of five and reduce stress during curing, a filler had to 
be found which would admit the resin to a depth of 30 cm 
well within the gel time under a pressure of Osa N/a 
This pressure is convenient since the atmosphere can be 
used to apply it with the transducer assembly in vacuum. 
Larger pressures would tend to disturb transducer components 
during the initial stages of impregnation and might cause 
strain in parts of the permalloy. Silica sand was tried 
and found to exclude the resin. Solid glass spheres were 
eventually chosen as a filler. Those used range in diameter 
from 0.1 to 1.0 mm. They allowed rapid and complete 
impregnation. Stress gradients which remain between filler 
particles are not harmful over distances less than 1 mm. 
The glass beads were easy to handle and readily flowed into 
alimCavit Less requiring sts Vler, 

For reasons including the awkward curing cycle 


and the relatively high viscosity, the Scotchcast No. 237 
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Figure 4.22 Pressure due to cure-induced strain for 
Scotchcast No. 237 epoxy resin. 
Dome CUTrece 2g hnournSeatcl20lC. 
24, ecCure. Loshourseat. 95°C. 
3. 40% filler, cure, 2 hoursvat.L20-C. 


(After data published by 3-M Company). 
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Figure 4.23 


Decrease in inverse viscosity with time 
during the curing process of Scotchcast 
No. 237 epoxy resin. Curves are plotted 
for two curing temperatures. (After 


data published by 3-M Company). 
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was not used for some subassemblies of small size or re- 
Uusringe Only cian tims Of resin. [nus tne signal cols, 
some of which are wound with #35 AWG wire, were individu- 
ally impregnated with a low-viscosity polyester casting 
resin thinned with styrene monomer, and cured with promoter 
and catalyst at room temperature. Stress produced by the 
curing resin does not affect the copper and strengthens the 
coil. Also, so-called "rigid" room-temperature-curing 
epoxies were used in thin films to bond similar materials 
within the transducer structure, in particular to bond 
stacks of permalloy laminations. Where film thickness is 
much smaller than lamination thickness, virtually all 
strain is in the epoxy, rather than in the bonded material. 
It was essential that various portions of the 
magnetic circuit be in accurate alignment with the outer 
casing during and after casting. Also, it was essential 
that component sections not move while the epoxy was being 
anyecteda.- " Thus rigid supports had tO be provided fOr most 
parts. These supports had to withstand gravitational and 
viscous forces on the parts supported, but transmit no 
thermal expansion stresses to them. To this end, only one 
of any two opposite sides of any magnetic component is 
rigidly connected to the outer frame. The supports are 
ceramic pillars made from blocks of hydrous aluminum 


Silicate, available commercially under the trade name LAVA. 
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This material works easily with a jig saw and disc sander 
while it is still "green" or unfired. The fired pieces 
were cemented in place with small quantities of room- 
temperature-curing epoxy resin. 

The support of the many connecting wires presented 
further problems. The very fine wires of the signal coils 
were soldered to #17 AWG wire quite near the coil concerned. 
The soldered joint and the free part of the thin wire were 
then cemented to the coil itself with rigid epoxy. Thus 
the wires were strong enough to resist breakage by small 
shifts in the filler during impregnation. Temperature- 
sensing diodes were similarly affixed to rigid portions of 
the structure. All wires were routed to two eighteen-pin 
sockets mounted on the outer shield. They were attached 
to the structure every ten to fifteen cm in dabs of flex- 
ible RTV silicone rubber. This material served admirably 
to keep the individual leads apart, yet was sufficiently 
flexible to prevent wire breakage in case of shifting 
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4.5 Electronics 


A block diagram of the signal electronics is 
shown in Figure 4.24. The two pairs of signal coils and 
two pairs of nulling coils are connected to a selector 
Switch. In one position, "direct", one measures specimen 
magnetization parallel to the applied field. In the other 
position, "cross-field", magnetization normal to the 
applied field is measured. The signal and noise outputs 
then go to separate low-noise preamplifiers of equal gain. 
Both inputs and outputs of the preamplifiers are differen- 
tial. Since the Q-factor of the specimen-gap coils is low 
(O°]"2)) at a Erequency of 100 Hz, the coils are not tuned. 
Thus phase shift as a function of operating frequency is 
not a problem. Also, nonlinear magnetization effects can 
be seen, Since the harmonic content of the signal remains 
imcact. 

The outputs from the preamplifiers pass through 
low-pass filters having variable cut-off frequency. They 
are then amplified by separate variable-gain direct-coupled 
differential amplifiers with single-ended outputs. The 
two outputs are then mixed by a differential amplifier 
which has variable gain for the null channel to effect an 
interference-nulling control. The mixed signal then passes 


through a high-pass filter having a variable cut-off fre- 
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Figure 4.24 Block diagram of the signal electronics. 
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quency. i4it goes tosethe,input of ayvariable-gain; A.C. 
amplifier. 

From the output of the A.C. amplifier the signal 
goes to the inputs of two phase-sensitive detectors which 
are gated by quadrature signals from a photocell generator 
on the spinner shaft. The signal output of the detectors 
is D.C. on which are superimposed A.C. components due to 
gated noise and spurious signals. The D.C. component is 
filtered by means of an integrator, one for the in-phase 
output and one for the quadrature. The integrated outputs 


are then measured by a pair of digital voltmeters. 


4.5.1 Preamplifier 


All signal coils are connected in pairs, balanced 
with respect to ground. This arrangement minimizes elec- 
trostatic noise pickup and requires that the amplifier have 
Hedi Ererentlaleinpuc sek culSeimpOltant. that al leelectro— 
static pickup be minimized, even if its frequency differs 
appreciably from the signal frequency. This is because the 
high gain signal amplifiers could otherwise overload or the 
noise input could nonlinearly mix with itself or other noise 
in the amplifier to produce spurious output at the signal 
frequency. 

There are two sets of signal coils in the speci- 
men gap, one set to detect magnetic flux variations parallel 


to the applied field, another set for variations normal to 
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the field. Each set consists of two pairs of coils 
located with respect to each other and electrically con- 
nected in such a way that gradients of signal flux vari- 
ation are detected. Thus spurious magnetic variations, 
usually from external sources such as 60 Hz power lines, 
transformers and rotating machinery, can be nulled out 
Since their relative gradient is different from that of 
the signal flux. Both coil pairs feed separate differ- 
ential amplifiers, as shown in Figure 4.24. 

The minimum signal detectable is theoretically 
limited by the random thermal (Johnson) noise generated 
in the coil windings and noise generated within the first 
stages of the amplifier. It was shown in Chapter 3 that, 
for a given set of coil dimensions, the signal-to-noise 
ratio is independent of the number of turns on the coil. 
The number of turns is important, however, insofar as it 
affects the relative noise generated by the first stages 
of the amplifier. 

The best low-noise low-frequency amplifiers 
employ a parametric amplification mechanism and are quite 
complex. It was decided that, as a first trial at least, 
a simple active device would be used for the first ampli- 
fier stage. The noise figure of an amplifier is defined 
as the ratio between the signal-to-noise ratio at the 
output of the amplifier and the signal-to-noise ratio at 


its input, expressed in decibels. Field effect transistors 
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have the lowest noise figures at low frequencies between 

10 Hz and 100 Hz. However, in order to achieve a low 

noise figure with a field effect device, it is necessary 
that the generator have a relatively large resistance, 
typically about one megohm. For an untuned signal coil, 
such a resistance requires typically 100,000 turns. Not 
only is such a coil difficult to wind and encapsulate, 

but also the coil's self-capacitance may approach resonance 
with the self-inductance at the signal frequency or lower. 
In this case large currents flow internally, but the 
external signal is small and has phase sharply dependent 

on frequency. Thus self-resonance limits the useable 
number of turns per coil. It is also possible to match a 
low-resistance coil to a field effect device through an 
elegant low-noise step-up transformer. Such a device would 
employ a thin-tape-wound nickel alloy core and sectional- 
ized high impedance secondary winding. 

Fortunately silicon junction transistors are 
available which have very good noise figures, at least in 
the upper part of the 10 Hz to 100 Hz frequency range, 
and operate optimally with generator resistances of about 
1000 ohms. The signal coils were made to have resistances 
of between 300 and 700 ohms per section. The number of 
turns is then small enough that there are no self-resonances 


below about 3000 Hz. The active devices chosen for the 
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first amplifier stage are 2N3906 PNP silicon annular trans- 
istors. Their typical noise characteristics are shown in 
Figure 4.25 (A) and (B). If for any reason, such as avoid- 
ing self-resonance, it were necessary to wind the coils with 
even fewer turns and therefore lower resistance, it would 
be possible to parallel the first-stage transistors in such 
a way that the optimum generator resistance is decreased 

by an amount depending on the number of devices paralleled 
(Walton and Liu, 1971). At frequencies for which the coil 
reactance due to inductance is appreciable with respect to 
its resistance, the coil's positive reactance should be 
cancelled by the negative reactance of a capacitor if 
optimum noise figure is to be maintained. If series tuning 
is used, the impedance of the tuned coil simply equals its 
resistance R. If parallel tuning is used, the tuned 


impedance Z, is given by 


Z = Q’R (4.65) 


T 
coil reactance 


where Q = ————————_—_—_—_——- 
coil resistance 


The signal voltage is simultaneously multiplied byQ. Thus 
one would not use parallel tuning where@ was less than 
Lindt Vie 

A circuit diagram for the preamplifier is shown 
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Figure 4.25 (A) 


(B) 


Noise figure for 2N3906 transistor 
vs. generator resistance Neb 


= 1000 Hz 
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I = 200 pA 
Ve= 5.0 V 
Tese'2 55 Ce 


A 
Noise figure for 2N3906 transistor 
VS. frequency fh 

hee 5000 


Other parameters are as in (A). 


(After Motorola data). 
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Figure 4.26 Schematic of the preamplifier. 
Resistances are in ohms, capacitances in 


microfarads. 
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R17 form a current source which supplies 280 pA. By 
circuit symmetry, the transistor pair Ql and Q2 draws 

140 pA, as does the pair Q3 and Q4. Resistors Rll and 
R12 ,.determine,-the -distribution .of jthis,.current im the 
former pair. Resistors R13 and R14 serve the same 
function for the latter pair. Thus transistors Q1 and Q4 
carry a collector current of 100 wA each, while Q2 and Q3 
carry 40 pA each. This optimizes noise figure for the 
transistors used. Q1 and Q2 form a cascaded common 
emitter pair. Capacitor C5 shunts the emitter resistor 
for Q2 keeping its signal frequency gain high. Negative 
feedback is applied to the cascaded pair via R7 and R9. 


The closed-loop gain is approximately equal to 


iy se GN) 
ee ONO (4.66) 
R7 


since the open-loop gain is much larger than this ratio. 
Transistors Q3 and Q4 are connected similarly to form the 
other half of the balanced differential amplifier. Rl 
through R6 provide heavy crossover negative feedback to 
balance and stabilize the operating points of the two 
halves of the differential circuit. This negative feedback 
TSerestiicted «toll. CuabDy shuntwcapaciltorssc3aand) C4. ihe 
signal coils are coupled to the input through Cl and C2. 
The circuit is protected from damage due to high voltage 


transients from the signal coils by diodes Dl and D2. 
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Under normal operating conditions these diodes do not 
conduct and therefore do not interfere with circuit oper- 
aLVOne POWerD. fOr ithe =circuityils provided byea. pair of 

9V zinc-carbon batteries. This eliminates the 60 Hz 


feedthrough which comes from mains-operated power supplies. 


4.5.2 Main Amplifier 


THesclrcult stor thesmaineanplitler. is) shown in 
Figure 4.27. Resistors Rl through R4 and capacitors Cl 
through C8 make up a low pass filter having variable cut- 
off frequency. For the signal channel, ICl and IC2 
constitute a high-input-impedance amplifier having both 
differential input and output. Gain is controlled by 
feedback resistors R5 and R6 and bridging resistors R13 
through R15. R23 optimizes the common-mode rejection 
ratio of the amplifier. IC5 then provides a single-ended 
output for the signal channel. IC6é does likewise for the 
null channel. The two outputs are mixed by IC7. The null 
input is gain-controlled by R31 and R32 to optimize 
interference nulling. The mixing amplifier is followed by 
a variable-cutoff-frequency high-pass filter which serves 
to reject the accumulated offset voltages of the operational 
amplifiers preceding it. The high-pass filter is followed 
by an A.C. coupled variable-gain amplifier. Because of 
the large-value feedback resistors, the operational ampli- 


fier for this stage must have very low offset current. 
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Figure 4.27 Schematic of the main amplifier. 
Resistances are in ohms, capacitances in 


microfarads. 
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A FET-input amplifier is therefore used. Oscilloscope mon- 


JEORING ets epLOVldeds fOrethnerOutputs OL 1C5, [C6, and 1Ca. 


4.5.3 Phase Sensitive Detectors 


The circuit diagram for one channel of the phase- 
sensitive detector is shown in Figure 4.28. It is an 
adaptation of the gating-type detector. This configuration 
is relatively insensitive to reference-voltage variations, 
unlike linear-multiplier-type detectors. In its usual form, 
the gating type circuit is limited by nonlinearities in the 
bridge transformer and gating diodes. In this circuit, 
the bridge transformer functions are performed by opera- 
tional amplifiers in precision closed loops. The effects 
of diode nonlinearities are greatly reduced by suitably 
placing the diodes in feedback paths. A similar circuit 
was described by Marzetta (1971). 

In order that a small signal may be detected in 
the presence of high-amplitude noise, it is required that 
the detector have a good operating precision and hence 
wide dynamic range. For an operating precision of 0.01% 
one should be able to measure down to about Lose volts 
with a noise level of 1 volt. To achieve this precision 
it is necessary that the diodes have a reverse leakage 
current less than ie times the maximum forward signal 
current. Also the critical feedback resistors (marked 


by asterisks in the circuit) must have ratios accurate to 
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Figure 4.28 


Schematic of one channel of the phase- 
sensitive detector. Resistances are in 
ohms, capacitances in microfarads. 
Resistances marked with an asterisk are 
specially selected units with 0.013% 


tolerance (see text). 


2135 


1Nd1NO 


AGE 
va 


OL | 
TINN 13$440 


6 74 
DI 


Si- 
SNOILD3NNOD 
dWW dO 
Gi+ 
XS 
94 
fe 
———fh 
eXe) 
€) 
187 100 
ca z> 
XS 
zu 
OL 
ey 
iv WLS 
td! re: 


INdN! 3DN3483d34 


ae | a y 1 i 2 ~ ’ oe _ = 
og . 1 ays ‘ a ay a : 7 Tr) 
—_ ay ie) . ; we 


: : ~ 
972 evs | 7 7 Wi ao s a i . 
Fi ioe 


es) +t oO vo, a a 
| i? ne 

ve. ; oy Y 

j : ‘ 


Tigard 


Bet ia o 


274 


better than 0.01%. The latter requirement was met by 
selecting resistors in sets from a batch of 100 1% units. 
They were matched to better than 0.01% by bridge measure- 
meting 

The circuit shown in Figure 4.28 employs full- 
wave detection, unlike the more common half-wave detector. 
Full-wave detection offers immunity to any D.C. component 
present in the signal input and permits easier filtering 
of the detector output. Internal offset voltages are 
minimized by providing offset-nulling potentiometers for 


all operational amplifiers. 


4.5.4 Integrator 


The generalized integrator circuit used is shown 
in Figure 4.29 (A). It provides a 12 dB/octave ultimate 
high-frequency xoll—off. For the particular ratio of 
Capacitors in the feedback path, the settling time of the 
circuit is minimized. The output approaches its final’ 
value somewhat more rapidly than with equal-valued capaci- 
tors, and does so with negligible overshoot. Because large 
resistors are required for long integrating times, it is 
necessary that the operational amplifier have very low 
input offset current. Hence a unit with a FET input is 


used. 
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Figure 4.29 


(A) 


(B) 


Generalized schematic of integrator. 
Schematic of one channel of the signal 


integrator. Resistances are in ohms. 
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4.6 Design of Spinner Shaft and Motor Drive 


For all signal-sensing arrangements other than 
the magnetic modulator, the signal sensitivity is directly 
proportional to the rotational speed of the spinner shaft. 
Thus, given that mechanically and acoustically transmitted 
vibrations from the shaft do not become a dominant noise 
source, the frequency for maximum sensitivity should be 
as high as possible. The structural strength of most rock 
specimens suggests that a rotational frequency of 200 Hz 


could be used. 


4.6) Shart Bearings 

The choice of type and location of bearings for 
the shaft presented several problems. Ball bearings are 
suited to meet the mechanical requirements but cannot be 
used near or within the transducer assembly because of the 
magnetic noise they generate. It is necessary, however, 
to have bearings quite near the position of the specimen on 
the shaft because of limitations imposed by uncontrolled 
oscillation, or "whipping", of the free end of the shaft. 
In general a shaft of circular cross-section which is 
clamped at one end has a fundamental allowed frequency of 


vibration equal to (Morse and Ingard, 1968) 
% 
0.560 |Yy? 


f, on L p 


(4.67) 


“ers Li thal ty. 


nsdt toto ednonopnetrs aunt 1 re 
yijverib af ysivisiense ftenphé “edt ee es, 
.ttsrle tonniqa eft to besge pubAsaeaed ait ot Isaots: , 
hottimensst ylisottevoos bas yilsoinsdosm gsdt nevip . 34 

gaton tasnimeh 6 amoosd jon ob tterle ofd mort enots: 


alee 
7. aoe 


ed biuode ydivisianez msmixem 10% yousupezt edd \eomvo0e 


> 


Xoox teom 2o dipasita (etetorise eft .eldissoq es dpi ais 
SH 00S Io yonsupsa? [snoltisior 6 3sdt atesppve anomioege : 
: ci. . a ° 


6 
¥ a 


7 cee} 
sodiseet sade £88 
vol epainsed to neltassol bas sqys to eoionts ont “ 
e15 apriiazeed [fed .emelidorq Isisvee netubuw ‘dtade os : 
ed tonsa sud atnemextupss LIsolasdosm end soem od | 
ort 20 se@uensd yldmeess seombatsxt odd nidsiw so i ce! 
vtovewod ,vissaecen ai 41. .etsismep yet eaton. ois z Bim 
ao asmiosaa sft to nottieoq elt xe9n etiup epatised titi 
belloxwtnoons ‘a beeoqmt enottsdimil to sensed bck: nat . 
-ttsde stig to bas eext ef? to , *pakagidw" to ,notis tite lee 
et doidw nobstose-eeoxd usluptie to tisde 6 Is at 
to yonoupex? bowolls Istnemebay? 8 esd ete oq t0 
(det eam bas oe: od Isupe iby 


= = 
ogg 


(v3.8) in 


278 


where: £ = length of bar 


Y = Young's modulus 
Y = radius of gyration = ¥% diameter 
p = density 


THerefore the critical shattelength for rotational 


frequency fis 
lL = 0.748(2 J =p (4.68) 


Nonconductive materials must be used for the rotating 

shaft. Those with high specific modulus typically have 
Yi Aas oh 04 am Zsecs - Allowing a maximum shaft diameter 
Of 2.5) Cm and anrotatilona latrequency .06.2008HzZ,141c> tical 


length becomes 
A = 0.235 m (4.69) 


The actual shaft extension must be considerably shorter 
than this because of the mass of the specimen and holder 
at its end, which do not contribute to shaft stiffness. 
Suppose 10 cm is a permissible length. This places the 
outermost bearing within the gap fringing area. Thus use 
of ball bearings is precluded, especially since the inside 
diameter would have to be 2.5 cm. Hydrodynamic bearings, 
even with smaller inside diameters, are impractical at 
these speeds because of high friction losses involved in 


shearing the lubricant. Hydrostatic bearings, though 
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allowing smaller friction losses, incur such problems as 
providing a sump for the lubricant. Also, any bearing 
using a liquid lubricant is very much restricted in the 
types of bearing materials which are useable. Aerostatic 
bearings were chosen because they could provide a reason- 
able load capacity, use a readily available lubricant, 
and run with exceedingly low friction losses, even with 

a large bearing diameter. Aerostatic journals can be 
Situated immediately adjacent to the rotating specimen 
without any magnetically deleterious effects. The prin- 
Cipal requirement for bearing materials is that they be 
dimensionally stable. See Figure 4.30. 

The load capacity of the journal bearings is 
dictated by the centrifugal forces produced by an off- 
balance specimen. It is assumed that as a worst case, the 
entire imbalance is that of a 2.5 cm diameter, 2.5 cm 
length cylinder with a specific gravity of 3.0, spun about 
a diametral axis 1.0 mm away from its geometrical center. 
This is equivalent to 3.68 gm suspended 1 cm off-axis. 


Therefore the radial force incurred at 200 Hz is 
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Figure 4.30 Aerostatic journal bearings for the 


spinner shaft. 
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capacity, bearing journal dimensions can then be chosen 
from the general performance graph of Figure 4.31 (Powell, 
1970). It has been experimentally shown by Powell (1970) 
that radial geometric errors (manufacturing tolerances) of 
less than one third the mean radial clearance h, reduce the 
load rating less than 10%. Underdamped resonances of the 
suspended shaft mass Mon the radial bearing stiffness K 
also reduce the load capacity. Thus we ensure that shaft 


speed is always below the first critical frequency 


il Pe Ns 
Set ara (—— ela 
27 Mh, 


Assuming an effective suspended mass of 0.2 kg per bearing 
and a radial clearance of 2.5 x ee Mm, the first critical 
frequency becomes 719 Hz, which is quite satisfactory. 

The air flow required per journal is taken from 
Figure 4531. At 90 cm*®/sec each, the total flow is only 
180 cm*/sec. This is readily provided. 

Friction power loss in a journal bearing is 
vw DL? 
lh (4.72) 


where v = viscosity of air 
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Figure 4.31 General performance of air journal 
bearings with simple orifice feeding at 
quarter stations. 


€e= 0.8 (eccentricity ratio) 


N= 8 jets per row 
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Oe25°E 
(where L is the length of the 
journal and £ is the separation 
of the jets from the bearing edge) 
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h= 2.5 x 10° cm (bearing clearance) 
Airflow is given in free volume at 15°C. 


(After Powell, 1970). 
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Thus for each bearing 
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This amount of power is readily supplied by a very small 
motor. 
The dimensions of the air jets are determined 


from the required value of gauge pressure ratio: 


ee (4.74) 
R- F, 
where: P, = pressure immediately downstream from 
the jets 
In = line pressure 
P| = exhaust pressure 


Figure 4.32 shows the effect of K,, on load coefficient for 
three values of eccentricity ratio. The curves suggest 
that optimum values of Kgo lie between 0.3 and 0.6, with 

a maximum at 0.4. A factor which places a lower limit on 
K,. is the consideration of choking of the feed holes. 


Bearings with choked feed holes often exhibit aerostatic 
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Figure) 43/32 Typical load coefficient vs. gauge pressure 
ratio for an aerostatic journal bearing. 
€ is the rotor deflection as a fraction of 
the total radial clearance. (After Powell, 
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Substituting this ratio into Eq. 4.74 we get a lower limit 


on Kao 


) 
0.528 --—= 
= poeta (4.76) 


9° min 
For reasons discussed later in this section, the facing 
ends of the journals exhaust into a vacuum line. This 
further raises the lower limit on Koo: Assuming perfect 


vacuum: 


K = 0.528 (4.77) 


9° min 
Figure 4.33 gives the relationship between jet diameter 
and clearance for annular orifices. A value of Nee O16 
is obtained by usingd = 3.43 x 107° cm (the diameter of 
a #80 drill - the smallest standard size) and h, = 2.5 x 
10° m. Annular jets were chosen for simplicity of 


machining, since simple orifices invariably demand a 


smaller bore d. 


4.6.2 Spinner Shaft 


One major requirement in designing the spinner 
shaft was to keep the motor's time-varying and rotating 
magnetic fields from inducing objectionable signal levels 
in the transducer. Accordingly, the separation of the 
motor and transducer shield was set at 50 cm, measured 


between their closest surfaces. Provisions were made for 
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Figure 4.33 


Relation between jet diameter and clearance 


for annular orifices. (After Powell, 1970). 
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attaching a motor shield, should such have proven necessary. 
The 50 cm separation requires an extension shaft 35 cm long 
Spanning the gap between the Permali rotor and the brass 
motor extension, the latter in ball bearings. The extension 
shaft was to be kept of small diameter to minimize induced 
Signal due to eddy currents. A minimum diameter is set by 
the requirement that the shaft not be resonant at any of 

its rotational speeds. The fundamental frequency of a bar, 


whether clamped at both ends or free at both ends, is 


f, = aaa (4.78) 


If aluminum is used, the critical radius of gyration for 


a frequency of 200 Hz is 


f, L’ 
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1.36 x 10° meters (4.79) 
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Therefore the critical diameter is 5.45 mm. To allow for 

a generous safety factor, the shaft diameter is 12.5 mn. 
All components of the spinner shaft and housing 

which enter the main transducer block are made of beechwood 

laminations impregnated at high pressure with a phenolic 

resin. This material is commercially available under the 


trade name "Permali" from Permali, Inc. Even the stator 


ges | | ) oF 
| ree ee a Wee 
.yViseesoonm nevorg dove bivoda ,bisire osm 6 pnidostts 
parol m> 2f ttsde notanss9 as aextupes aoltsisqss 5 08 
ansid odd bos rotor éismred 9f% neewied asp Aa 
notenesxe oat -apabtsed {isd at 7 ynolenssxe 3 , 
beoubné eximinim ot desensib Teme to. aqot od oF ABW sisde 
yd jee et rtetemelh mmiaim A .agnexsvo ybbs ot and Isapie 
10 yits t@ Insmoeex od ton tise eld turds tnomexiupex ont 
isd s 20 yonoupert Ledmomsbay? ont .absogs Isnotissox edi 
at ,ebae dtod ts sett so abne dtod ts beqmsio xorltortw 


i ea : yf gs I1*) & 


40? soiteryp to avibes fsoktito edd ,beew et mu tm Ls a3 
at sH 00S to yonsupett 5 


iq ab a 
ammeetne  Se i 


Y oc,£ 7 | oa | 


(For x £v.s) tee.0) 00s 
Er tor x 08,a) aa.t 

(et. B) atetem “OL x 8f.1 = 
103 wolls oT ,.mm ¢b.e at tasompib faovisixo ent exeReaars 
.mn 2.81 eb xotemeth vise ons ytotost ytolse euoxonop 5 
pitevor bas Dtede renakge odd to csi eet un 
boowtosed to sham sts Apold rsoubans1t rksm odd 
oftonedq s ddiv sxuezesg Mpkd 38 besanpexan | 
edt reba sfdsfinve yffstoxeinmoo ek tatseone st 


202 
components cannot be made of metals because the eddy currents 
which result when a conductor vibrates in a magnetic field 
gradient induce currents in the signal windings. These 
currents can be much larger than the coils' Johnson noise. 
Lucite was tried as a shaft rotor material. It was found 
that residual magnetic and electrostatic moments within the 
material rendered it useless. Coating the component with a 
conductive film did not help sufficiently. Also, lucite did 
not have sufficient dimensional stability to keep the aero- 
aati journals within their required tolerances for extended 
periods of time. Figure 4.34 shows the overall arrangement 
of the spinner shaft and drive motor. 

The specimen cube shown in Figure 4.35 is also made 
of Permali. The specimen is aligned with a slot in the side 
of the cube and is held with a nylon set-screw. The cube is 
balanced about its three orthogonal axes by removing material 
from its bottom corners. The cube is held in place in the 
specimen head by vacuum. Air is exhausted through an axial 
hole in the rotor and the rubber O-ring on which the speci- 
men sits serves as a vacuum seal. This mounting arrangement 
holds the cube securely in place while spinning, although a 


slight tug is sufficient to remove it. 


466.5). oDInnes Motor 


The motor is a four-pole two-phase induction 


machine designed to run with electrical input of 115 V at 
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Figure 4.34 Overall arrangement of the spinner shaft 


and drive motor. 
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Figure 4.35 Three views of the Permali cube which holds 


the specimen. 
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400 Hz. An induction machine was chosen in preference to 
other types because of the nature of its stray magnetic 
Pieldceys (newstray siteld ducsrolecach estatorm winding is 
of course, time variant at the input frequency and, to some 
extent, at its harmonics. Because there are four poles 
on the stator, the motor's gap has a field which rotates 
at exactly half the input frequency, with again some har- 
monic content. Part of this rotating field also leaks out. 
In order that a current be induced into the rotor windings 
it is necessary for the rotor to "slip" with respect to 
theyrotatingifielde wkhat; vs ptehe tshatt jactual byweturns+at 
somewhat less than half the input frequency. Thus, none 
of the major stator leakage effects are synchronous with 
the shaft rotation. 

The rotor is excited at the slip frequency, 
typically about 5 Hz. Therefore its field rotates at the 
slip frequency plus the shaft frequency, which is just the 
input frequency. Therefore the rotor's leakage field has 
dominant components at slip frequency and at input frequen- 
cy, neither of which is synchronous with shaft rotation. 
Synchronous interference could, however, result from second- 
order effects such as a permanent polarization or magnetic 
asymmetry of the rotor. Other frequency components must 
also be minimized to keep amplifiers from overloading and 


to keep integrating times required for noise rejection 
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reasonable. The motor 1s physically small since only 
minimal mechanical power is required. It still allows the 


shaft to reach top speed in about five seconds. 


4.6.4 Motor Drive Electronics 


Because the signal from the instrument has 
amplitude proportional to the motor speed, and because 
there are slight phase shifts within the electronic cir- 
cuitry as a function of signal frequency, it was decided 
that a motor speed regulator would be required. The 
normal expedient of using a stable oscillator and amplifier 
with some form of synchronous motor was not permissible 
because of the signal-synchronous magnetic interference 
which the motor windings would create. For similar rea- 
sons a D.C. servo motor was ruled out. The characteris- 
tics of the small induction motor which is used for the 
shaft drive suggest that a servo which varies the fre- 
quency of the drive to the motor, but at constant ampli- 
tude, is the most desirable regulatory mechanism. 

A block diagram for the regulator is shown in 
Figure 4.36. Figure 4.37 shows the circuit diagram. 

The motor speed is sensed by the photoelectric tachometer 
which is also used for gating the phase-sensitive detec- 
tors in the signal circuit. The buffered output is used 


as a reference to which the oscillator within a phase- 
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Figure 4.36 Block diagram of the drive-motor speed 


regulator. 
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Figure 4.37 Schematic of the drive-motor speed regulator. 
All resistances are in ohms (K = 1000). 


All capacitances are in microfarads. 
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locked loop is synchronized. The error voltage which var- 
ies the frequency of this oscillator is amplified and var- 
ies the frequency of an independent voltage-controlled 
oscillator, but over a much greater frequency deviation. 
The output of this oscillator is then amplified, phase 
shifted, and fed to the motor windings. For the gains 
chosen, a 1 Hz change from natural running frequency of 
the oscillator within the phase-locked loop causes a 
change of about 50 Hz within the oscillator driving the 
motor. During normal running, the frequency of drive 

goes to its maximum of about 150 Hz until the motor 
reaches its desired running speed. The servo then rapidly 
reduces the frequency of drive to its normal 115 Hz. This 
allows approximately 10 Hz of slip frequency between the 
motor windings and the shaft rotation. During normal 
running, the shaft drive frequency does not vary more than 
abouts 0. le HZ Orneabout, 02l¢.8 sbven this erfect.1s) largely 
oscillatory and its consequences are rejected by the phase 
sensitive detectors. Only long term drift within the 
frequency-determining elements of the phase-locked loop 
requires periodic calibration with a standard susceptibi- 


lity specimen. 
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CHAPTER 5 


CONSTRUCTION OF THE MAIN TRANSDUCER BLOCK 


5.1 Preparation of the Permalloy Strips 


The laminations for the main magnetic circuit 
and polepieces were taken from 2.5 cm wide, 356 micron 
thick moly-permalloy tape coated with magnesia. They were 
cut to length before annealing. For the outer portion of 
the magnetic circuit all pieces are 33.0 cm long. The 
pieces for constructing the polepieces are 15.2 cm long. 
The polepiece laminations were also punched with four 
centered holes of 0.64 cm diameter and spaced 4 cm apart. 
Steel jigs were constructed to support the stacks of lam- 
inations in the annealing oven and thereby minimize warp- 
ing and bending. The 15.2 cm laminations were laid hori- 
zontally in a steel channel bar with a 2.5 cm square, 
15scm long stees, bar placed on top of them. The 337cm 
laminations could not be placed horizontally because of 
the inside diameter of the oven. For this reason a jig 
was constructed in which a wedge-shaped piece of steel, 
forced down an incline by gravity, holds the stack flat in 
a vertical position. This method avoids the effects of 
thermal expansion and resultant strain incurred with 


screw-held pieces. 
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5.2 Annealing of the Moly-permalloy 


All transducer components made of Permalloy 80 
were annealed in hydrogen after the final cutting process, 
but before the assembly of the laminations. For alloys 
having percentages of molybdenum greater than 2%% to 33, 

a Single slow furnace cooling from about 1000°C at a rate 
of 1°C/minute produces higher values of maximum and ini- 
tial permeability than are obtained with the double treat- 
ment of a slow furnace cooling and partial reheating fol- 
lowed by air quenching at 1000°C/minute. The latter pro- 
cess is preferable for alloys having lower percentages of 
molybdenum (Bozorth, 1951). For alloys having about 4% 
molybdenum, cooling rates intermediate between slow furnace 
cooling and air quenching produce optimum initial permea- 
Der ty ACCOLGOINgGLY, -COOlING=Lateos OL avout 10 °C/minute 
Were used. 

The hydrogen atmosphere used for annealing serves 
as a deoxidizer. It is preferable to deoxidizers added to 
the alloy melt because the latter leave fine-grained preci- 
pitates in the alloy and thereby depress permeability. 

During the annealing process the laminations were 
brought to a temperature of 1100°C in a period of about one 
hour. After another hour at this temperature the cooling 


at about 10°C/minute was started. 
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5.3 Assembly of the Polepieces 


The polepieces were assembled as 15 cm stacks 
erethed| SazeCemeiby =255ecmy*356 micron thick laminations. 
They were coated with a very low viscosity thermosetting 
epoxy resin (Hysol #2046), then stacked and bolted to- 
gether with threaded nylon rods passed through the four 
punched holes in each lamination. Before tightening down 
the nuts on these rods, the lamination edges which were to 
constitute the poleface were aligned with a very flat 
block which was covered with a thin sheet of polyvinyl 
chloride. The nuts were then tightened to squeeze out the 
excess epoxy resin. Another flat block faced with a sheet 
of vinyl was then placed on the opposite side of the pole- 
block and the resin allowed to cure. Before further assem- 
bly, the four polepieces which were to be used in pairs on 
each side of the specimen gap were joined together with 


epoxy and 0.5 mm spacers. 


5.4 Assembly of the Magnetizing and Sensing Coils 


Since the main magnetizing coils could not be 
wound in situ, they had to be wound in six separate self- 
supporting sections. Each is rectangular in cross-section. 
In plan view they had to be made quite rounded, rather than 
rectangular, in order that the wire would wrap properly 


around the core without requiring excessive tension. 
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By improvising a controlled-tension electrical winding 
rig for the job, it was possible to approach closest- 
Spacing throughout the coils. 

The coils were made self-supporting through 
spot application of a rigid room-temperature-curing epoxy 
resin throughout the winding. Care was taken that no 
completely enclosed voids were thus created. These would 
have prevented complete vacuum impregnation with the flex- 
ible resin. PVC film served as a release agent to keep 
the coils from attaching themselves to the plywood coil 
forms. Two of these coils are shown in Plate l. 

All but one of the smaller sensing coils were 
also wound on plywood coil forms. Because of the small 
size of the wire and the large number of turns per coil, 
no attempt was made to achieve closest spacing. The coils 
were made self-supporting by winding them directly onto 
pieces of electrical tape placed adhesive-side-out on the 
coil forms. Between 4 and 8 pieces of tape per coil kept 
each one quite reasonably rigid. See Plates 2 and 3. 

Because of the very small size of the wire and 
the great importance of avoiding vibrations within these 
coils, it was considered necessary to vacuum-impregnate 
them individually with a very-low-viscosity polyester 
thermosetting resin. The resin was poured onto the coils 


under a reduced air pressure of about 1500 N/m?. Just 
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Plate 1 


Plate 2 


Two of the magnetizing coils used in the main 
magnetic circuit. The white material is the 
epoxy resin which was applied in spots to make 


the coils self-standing. 


Two specimen-gap senSing coils. This pair is 
used to sense flux variations parallel to the 
bulk field, and is connected to null externally- 


produced fields. 
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Plate 3 One of the pair of specimen-gap sensing coils 
which provides the main signal for flux variations 


parallel to the bulk field. 


Plate 4 An unencapsulated subassembly consisting of a 
pair of permalloy polepieces, a pair of barium 
ferrite permanent magnet blocks, and one of the 


magnetizing coils. 
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before the resin started to gel the coils were quickly 
extracted and placed on sheets of PVC film. After the 
cure was complete the coils were removed from the PVC 

film. The electrical tape could then be removed since 


polyester resin does not adhere to it. 


5.5 Magnetic Bridge Subassembly 


A subassembly was made of the balancing gap and 
the thin-tape polepieces. It consists of four permanent 
magnet blocks (arranged in pairs and separated by ceramic 
pillars to form the balancing gap), one 15.2 cm square, 
2.5 cm thick polepiece assembly, and associated magneti- 
Zing coils. Also included are the alternating-flux-only 
magnetic signal cores which go to the magnetic-sensor 
cavities. 

Figure 5.1 shows the components without the 
coils and spacers. The smaller polepiece assemblies con- 
sist of strips of 100 micron Permalloy 80 are were assem- 
bled and vacuum impregnated in separate molds before their 
use in this subassembly. Two concentric magnetizing coils 
are used to make maximum use of available space. 

The individual parts were assembled in a plywood 
mold of the shape indicated in Figure 5.1. The walls were 
made of 3.8 cm fir plywood. They were bolted to avoid 
distortion given the pressure gradients present during the 


vacuum impregnation. All parts were initially located by 
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Figures 5.) Magnetic bridge subassembly. 
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ceramic spacers cemented in place with epoxy. After all 
main parts were in place, four temperature-sensing diodes 
were placed in various locations within the cavity, and 
their leads were passed through the mold walls. The mag- 
netizing coils also had their leads passed through the 
mold walls to enable them to be used as heaters during 
the casting procedure and to facilitate their subsequent 
connection to the rest of the circuits. The remaining 
cavities were then filled with glass beads and the mold 
sealed. It was then vacuum-impregnated following essen- 
tially the same procedure as will be described for the 
main casting. The completed subassembly is shown in 
Plates 5 and 6. Another subassembly consisting of a pair 
Of polepiece blocks, a pair of magnet blocks, and one of 
the magnetizing coils is shown in Plate 4. The pieces 


were cemented together but not cast. 


5.6 Assembly of the Main Magnetic Circuit 


Using the magnetic bridge subassembly as a base, 
the central polepiece blocks, magnetizing coils, and the 
ceramic specimen gap spacers were cemented in place, as 
shown in Plate 7. The addition of one of the direct signal 
coils is shown in Plate 8. Allowance was then made for the 
spinner shaft by cementing in a 5.0 cm diameter solid PVC 
cylinder. This piece was first turned to a 1.5 mm taper 


and was coated with a release agent consisting of RTV 
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Plates 5 and 6 


Two views of the magnetic bridge sub- 
assembly. Note the thin-tape signal 
polepieces and the ceramic bars used to 
position the magnetizing coils within 
the mold and also those used to anchor 


the wire leads coming from the casting. 
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Plate 7 


Plate 8 


One polepiece block and magnetizing coil has 
been added to the magnetic bridge subassembly. 
The four ceramic spacers used to define the 


specimen gap are also shown. 


One of the direct specimen-gap signal coils 


has been added. 
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silicone rubber dissolved in toluene. Both the taper and 
the coating facilitate the cylinder's removal after casting. 
The cylinder was then covered with a thixotropic epoxy 
resin which forms the inner surface of the shaft opening 
and also serves to locate the two cross-field signal 
coils, as is shown in Plate 9. The two direct nulling 
coils were then added (Plate 10), followed by the cross- 
field nulling coils and outer polepiece assembly (Plates 
ll and 12). After the last magnetizing coil was in place 
the entire structure was placed on its side and cemented 
to one of the outer shield walls, using suitable ceramic 
Spacers, as is shown in Plate 13. The same picture also 
shows the wooden frame which was to be used to hold the 
outer magnetic circuit in place as it was being cemented 
in. The laminations of the outer frame were individually 
cemented into place with a room-temperature-curing epoxy. 
The ends of all the laminations were overlapped to afford 
a low-reluctance magnetic frame. Because of nonuniformity 
in placing the epoxy resin, the laminations would not lie 
flat after they had been laid to a thickness of about 2 cm. 
Therefore another wooden frame was periodically placed on 
top of the partly completed magnetic frame and weighted down 
with heavy steel bars until the epoxy had cured. When the 
entire frame was completed and the epoxy cured, the wooden 


frame supporting the structure was removed and replaced with 
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Plate 9 The slightly-tapered PVC cylinder has been added. 
It is to form. the cylindrical ‘cavity to acconmo— 
date the specimen shaft. The cylinder has been 
coated with a thixotropic epoxy resin into which 
the pre-impregnated cross-field signal coils are 


embedded. 


Plate 10 The direct nulling coils have been added. 
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Plater LT The outer polepiece subassembly has been added. 
A large outer magnetizing coil is seen in the 


background. 


Plate 12 The cross-field nulling coils have been added. 
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ceramic pillars, as shown in Plate 14. 

After the main magnetic circuit was completed, 
the 38 wires which accommodate the magnetizing coils, sig- 
nal coils and temperature-sensing diodes were assembled 
as shown in Plate 15. They are held to the shield wall 
with dabs of RTV silicone rubber. This shield wall was 
then bolted into place and all the wiring completed. 

Four views of the wired structure are shown in Plates 

16 through 19. Also visible in these photographs is the 
20-turn coil of #30 AWG wire which was wrapped onto one 
Orecne sOulLer magnetic Clrncuitelegqsain Ordernsto measure 
its effective permeability of the outer yoke both before 
and after encapsulation. 

After the other three sides of the magnetic 
shield were bolted on to form a box, the entire remaining 
volume was filled with glass beads to within 2 cm of the 
top, as shown in Plate 20. The box was rocked back and 
forth while being filled to ensure that the glass beads 
would fill every void they could. Plate 20 also shows 
the two tapered wooden plugs which are used to form the 
cavities for the magnetic flux sensors. 

The top of the transducer box was filled with 
ceramic bars rather than glass beads, as shown in Plate 21. 
This was done so that the epoxy resin, which was admitted 


through the top, would flow freely across the top of the 
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Plate 13 


Plate 14 


The completed inner magnetic circuit assembly 
has been placed on its side and, by means of 
ceramic spacers and epoxy resin, is Breached 
to one of the outer magnetic shield walls. A 
wooden frame has been constructed on which the 


outer permalloy yoke will be assembled. 


The outer permalloy yoke has been assembled and 
the wooden frame which supported it has been 


removed and replaced with ceramic pillars. 
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Plate 15 All signal coil, magnetizing coil, and tempera- 
ture-sensing diode leads have been routed to 
two 18-pin electrical connectors. The wires 
are supported by means of dabs of RTV silicone 


rubber. 


Plate 16 All electrical connections have been made and 
the shield wall holding the electrical connec- 
tors is bolted into place. Note the twenty- 
turn permeability-monitoring winding about one 


leg of the outer permalloy yoke. 
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Plates 17 and 18 Two views of the completed internal 


transducer assembly. 
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Plate 19 


Plate 20 


Top view of the completed internal transducer 


assembly. 


Three of the remaining shield walls have been 
bolted into place and the voids in the resulting 
box are filled with glass beads. Note the two 
wooden plugs which have been inserted to form 


the cavities for the magnetic bridge sensors. 
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cavity and then uniformly force its way down through the 
glass beads. The top of the box does not contain any 
critical magnetic components which would require filling it 


with glass beads. 


5.7 The Vacuum Impregnation Procedure 


After the shield top had been bolted into place 
the transducer block was lowered into a vacuum chamber. 
Two plate heaters were placed against the sides of the 
block and held with plywood braces, as shown in Plate 22. 
Electrical connections to the plate heaters, and to the 
magnetizing coils which would act as heaters, were brought 
out through the vacuum chamber walls. Connections were 
also provided for four temperature-sensing diodes strate- 
gically placed within the transducer block. 

A schematic diagram of the hydraulic circuit 
used for encapsulation is shown in Figure 5.2. Premeasured 
quantities of the two epoxy resin components were simul- 
taneously mixed and heated to 90°C in container A. At the 
same time chambers C and H were evacuated by opening valves 
F and G and closing B, D, and M. A pressure of about 
1000 N/m? was maintained. After the resin was thoroughly 
mixed, valve E was shut and B opened slightly to admit the 
resin into vacuum chamber C. Here it was allowed to deaer- 
ate for approximately 10 minutes. Only a relatively small 


quantity of resin could be introduced into the tank at one 
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Plate 21 


Plate 22 


The inside of the top of the shield box is 
lined with ceramic bars which act as a filler 
while allowing for easier penetration of the 


epoxy resin during encapsulation. 


The shield box is sealed and placed in a 
large vacuum chamber. Heater panels are put 
into place and all hydraulic and electrical 
connections are made in preparation for 


vacuum impregnation. 
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Pagure 5.2 Schematic of the hydraulic circuit used for 


encapsulating the main transducer. 


S} 52.) 
time because of the large volume occupied by the froth 
which results from deaerating and also to keep the hydro- 
static pressure at the bottom of the container reasonably 
low. Valve B was closed just before container A was empty. 
After the resin had thoroughly deaerated, valve F was shut 
and valves E and D opened, the latter only ea latte fyee lian, This 
allowed the increased air pressure in chamber C to force 
the resin through hose X and into the evacuated transducer 
block at J. The block was kept evacuated through four 
smaller hoses Y which were connected to four holes near 
the bottom of the shield box, passed twice through the 
vacuum chamber walls in order that valves might be put on 
each, and opened into the main vacuum chamber just over 
an overflow container L. When tank C had almost emptied, 
valve D was shut and F opened to reevacuate the chamber. 
It was then ready to receive another batch of resin which 
had been mixed in container A while the previous batch 
was being forced into the transducer block. In all, five 
of these overlapping cycles were required to completely 
fill the block. The uniformity of epoxy flow within the 
block was evident from the fact that no resin appeared in 
any of the overflow hoses Y until 95% of the free volume 
within the block had been filled. As soon as resin did 
start flowing through one of the hoses Y, the appropriate 
valve K was shut to prevent excessive leakage while still 


allowing vacuum to be applied via the hoses not overflowing. 
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After impregnation was complete the hoses X and Y were 
removed and the corresponding holes in the block were 
closed with threaded plugs. 

The temperature of the transducer block had to 
be carefully regulated throughout the epoxy curing pro- 
CesSsein- order that it curesproperly with a minimum curing 
stress. Also temperature changes had to be slow and uni- 
form so that thermal stresses would not be excessive. 
After the block was placed into the vacuum chamber, its 
temperature was raised to 95°C over a time period of about 
24 hours. After impregnation was complete, it was removed 
from the vacuum chamber and placed into an insulated box 
consisting of 10 cm thick styrofoam. Here the block was 
allowed to remain at 95°C for another 24 hours. It was 
then allowed to return to room temperature over a time 
period of about 48 hours. The temperatures within the 
block were continuously monitored by four temperature- 
sensing diodes. It was noted that temperature differences 
of as much as +5°C existed within the block throughout the 
curing process, and curing times were extended to allow for 
Chis. 

After the transducer block had cooled, the PVC 
cylinder and wooden plugs were easily removed by tapping 


them with a hammer. 
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The permeability of the outer permalloy yoke was 
measured by means of the twenty-turn monitoring winding 
which was placed on one leg of the yoke after the latter 
had been assembled. Measurements were made before the 
vacuum impregnation and again after the transducer encap- 
sulation was complete and the block had cooled. Both 
measurements indicated an effective permeability of about 
25,000. This indicates that the sensitive permalloy com- 
ponents were not seriously strained, either elastically or 


inelastically, during the encapsulating process. 
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Plate 23 


Overall view of the spinner instrument with 
its associated electronics. At the far left 
is the transducer block with its preamplifier. 
The block is mounted on a sturdy table and is 
isolated from the table by four rubber pads. 
Nothing else save the preamplifier is mounted 
on this table. The spinner shaft assembly 
(center) is mounted on the adjacent workbench. 
Right of center can be seen the signal elec- 
tronics, the motor speed regulator, and the 


pulse-discharge power supply. 
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Plates 24 and 25 


Two views of the spinner shaft assembly. 
The shaft casing is rubber-isolated from 

a wooden frame which is mounted on two 
ball-bearing slides. The slides are 
mounted on wooden brackets which are 
bolted to the workbench. The slides allow 
more than adequate movement to permit easy 
access to the specimen head. Also visible 
are the air and vacuum hoses and electri- 


cal cables to the motor and tachometer. 
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Plate 26 


Pilate. 2i/, 


The standard solenoid, described in Chapter 7, 
is shown with four standard-size specimens and 


the specimen cube. 


The instrument for bulk susceptibility. It is 


described in Chapter 6. 
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CHAPTER 6 


INSTRUMENT FOR BULK SUSCEPTIBILITY 


Bulk susceptibility or, more accurately, axial 
susceptibility of the rock specimens is measured by means 
of a double-tuned differential transformer. No ferro- 
magnetic core materials are used, except for trace amounts 
to establish balance. The instrument is shown schemati- 
cally in Figure 6.1. The two secondary halves are rela- 
tively tightly coupled to a portion of the primary, but 
quite loosely to each other. The transformer windings 
are tuned to 9.8 kHz and are excited at that frequency. 
Equal and opposite voltages are induced in the two iden- 
tical secondary windings. Thus, when the transformer is 
balanced, the output is zero. Upon inserting a specimen 
into the holder, the coupling between the primary and the 
nearby secondary is increased (if the specimen is para- 
magnetic or ferromagnetic) or decreased (if the specimen 
is diamagnetic). In either case the off-balance voltage 
is proportional to the susceptibility of the specimen 
multiplied by its volume. 

Fine-balancing of the transformer is accomplished 
by moving a piece of ferrite and a piece of lead along the 
base plate upon which the transformer block is mounted. 


For rough-balancing, a loosely-coupled 6-turn winding is 
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Figure 6.1 Schematic of the bulk susceptibility 


instrument. 
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placed near secondary 2. Varying the resistance across 
this winding effects resistive balance while varying the 
capacitance effects reactive balance. 

A cross-sectional view of the differential 
transformer is shown in Figure 6.2. The primary and 
secondary coils were wound on phenolic coil forms of 
the dimensions indicated. The coils were placed, with 
their tuning capacitors, inside a PVC cylinder. The 
cavity within the cylinder was then vacuum-impregnated 
with an epoxy resin, leaving only a small cavity near 
the top to accept the specimen. Primary and secondary 
leads are brought out through the sides of the cylinder 
and the balancing winding is placed outside it. 

The balance has been found to be acceptably 
stable to a few microvolts with a 10 V drive. The instru- 
ment is capable of measuring, in 2.5 cm by 2.5 cm cylin- 
drical specimens, a susceptibility of less than 70m mksu. 
Since this is considerably less than the diamagnetic 
susceptibility of most materials, virtually any specimen 
may be measured. 

Diamagnetic susceptibility is readily distin- 
guished from ferromagnetic susceptibility by noting the 
different direction in which the ferrite slug must be 
moved in order to reestablish balance after the specimen 


is inserted. 
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Figure 6.2 Actual-size cross-section of the bulk 


susceptibility instrument. 
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CHAPTER 7 


OBSERVATIONS WITH THE NEW INSTRUMENT 


7.1 Noise Levels in the Spinner Instrument 


For the observations presented in this chapter, 
the specimen-gap coils with axes parallel to the applied 
field direction were used as flux sensors. It was shown 
in Eq. 3.130 that the Johnson noise generated by these 
coils is equivalent to an apparent susceptibility aniso- 
tropy of 4.4 x 10. mksu measured in a bandwidth of 0.1 
Hz. This noise amplitude is increased somewhat if coil 
reactances are not tuned out. The first stage of the 
amplifier also increases the noise level. 

Figure 7.1 shows an actual 15-minute observation 
Of vapparent susceptibility anisotropy vs.) time. )0nly the 
fluctuating component of the observation is shown. The 
fluctuation is superimposed on a relatively stable D.C. 
output, typically equivalent to a susceptibility anisotropy 
Gis abOuU let xt Naas mksu. This D.C. level results largely 
from offsets developed by the operational amplifiers in the 
main amplifier and phase-sensitive detectors. Their effect 
is easily deducted from observed signal levels. 

The shaft was spun without a specimen and outside 


the specimen gap. The RC time constant of the integrators 
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Figure 7.1 


Apparent susceptibility anisotropy versus 
time in a typical 15-minute observation. 

The shaft is spun outside the specimen gap, 
so the fluctuations are due to transducer and 


amplifier noise. 
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ers) 


was set at 10 seconds, and therefore the observed band- 
width was about 0.03 Hz. For this bandwidth the theor- 
etically predicted noise from the signal coils used, 
assuming zero net reactance, would be about 2.4 x et 
mksu. The signal was sampled at 10-second intervals for 
the 15-minute duration of the trace in Figure 7.1. . From 
these observations the rms fluctuation was computed and 


1 


was found to be 4.1 x Tom. Me 


Msi 2. 3uxe lOm emu/cm? ). 
This is only 4.7 dB above the theoretical minimum. The 
difference can be ascribed to the coils' inductive reac- 
tance and to noise from the first stage of the amplifier. 

The noise seen ahead of the phase-sensitive 
detectors is dominated by power mains interference, mainly 
at 60 Hz and 180 Hz, with considerable noise from cyclic 
Switching transients produced by line-operated electrical 
equipment. The actual voltage at the signal-sensing coils 
is about 20 microvolts rms. This corresponds to a level 
equivalent to a susceptibility anisotropy of about 2 x ioe 
mksu. Adjustment of the nulling control will reduce this 
level, but not by more than a factor of three, since the 
wideband noise due to cyclic switching transients is not 
readily nulled out completely with circuitry having 
unbalanced reactances. 

The output from the phase-sensitive detectors 
shows no detectable change when the nulling control is 


taken through its full range, except that the amplitude 
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calibration changes due to the gain change in the null 
channel of the main amplifier. Some signal is picked up 
by the nulling coils and varying the gain of the null 
channel will change the output signal. It is therefore 
necessary to recalibrate the output amplitudes with the 
standard solenoid whenever a considerable change in the 
null-control setting is made. 

The ratio between the power-mains interference 
Ley Ceo Le 2 ex 107! mksu and the observed rms fluctuation of 
re Sd a poe mksu indicates that the dynamic range of the 
phase-sensitive detectors is about 5000, or 74 dB. It is 
therefore concluded that, if no tuned circuits or other 
narrow-band filtering is to be used, the efforts to give 
the phase-sensitive detectors a wide dynamic range have 


been useful. 


7.2 Operating Sensitivity of the Spinner 


When the shaft with specimen cube is spun in the 
specimen gap, a rather large and steady susceptibility 
anisotropy is indicated, even if the specimen cube is empty. 
THiSeanilSOtropy Se cLyplcally, 34x 10°*° mksu and results from 
the nonvanishing magnetic susceptibility of the shaft 
materials. The signal from the shaft can be deducted from 
the signal with the shaft-plus-specimen to obtain the 


specimen signal. 
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In addition to the steady offset due to shaft 
Magnetism, there is a fluctuation in the signal which is 
attributable to both the specimen and the shaft. Figure 
7.2 shows an actual 15-minute observation of susceptibility 
anisotropy vs. time. As in Figure 7.1, only the fluctua- 
ting component is shown. The shaft was spun with the 
specimen cube and a rock specimen having a bulk suscepti- 
bility of about 3 x 10° mksu and an h-factor of about 18. 
It can be seen that the output would be relatively steady 
for a period of minutes and then go through similar periods 
of essentially monotonic change. The relatively small 
fluctuations during the periods of "steady" signal are 
Similar in magnitude to those shown in Figure 7.1, and 
probably represent thermal noise. The larger amplitude 
variations, which tend to be monotonic for periods of one 
to four minutes, are possibly due to trace quantities of 
ferromagnetic debris adhering to the surfaces of the shaft, 
specimen cube, and rock specimen. When the shaft rotates 
in the specimen gap, such ferromagnetic particles are sub- 
jected to considerable magnetic and aerodynamic forces, and 
their resulting movement could change the observed suscep- 
tibility variations. 

The output signal was sampled at 10-second inter- 
Valsntor ithe 15-minute duration OL the trace in Figure) 7.2. 


From these observations the rms fluctuation was computed 
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Figure 7.2 


Apparent susceptibility anisotropy versus 
time in a typical 15-minute observation. 
The shaft is spun with a rock specimen in 
the specimen gap. Therefore magnetic 
fluctuations intrinsic to the shaft and 


specimen appear in the output. 
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and found to be 4.4 x sou mksu, or about ten times the 
observed transducer noise. 

When the specimen cube is re-oriented to spin 
about a different axis the handling which is required 
constitutes another source of signal fluctuation. This 
fluctuation could also be caused by the forced movement 
of trace quantities of ferromagnetic debris on the surface 
of the specimen cube. This hypothesis is supported by 
the fact that the observed fluctuations decreased by 
approximately an order of magnitude after the specimen 
cube had been cleaned by soaking it in dilute hydrochloric 
acid for twenty minutes. This treatment is also given to 
all rock specimens before measurements are taken. 

A series of 20 sets of measurements was taken on 
the shaft with an empty specimen cube. The normal procedure 
of stopping the shaft and re-orienting the cube after every 
measurement was followed. The observed in-phase and quadra- 
ture components of susceptibility anisotropy were tabulated 
according to specimen cube orientation. This gives a good 
indication of the repeatability of the shaft signal. Results 
for the three spin axes are shown in Tables 7.1 A, B and C. 
In each table, means and standard deviations are computed 
for both in-phase and quadrature signal, as well as for their 
vector sum. These standard deviations are equivalent to rms 
"noise" occasioned by handling the specimen cube. The noise 


levels computed for the three spin axes agree quite well. 
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TABLE 7.1 


Results of a series of 20 sets of measurements 
taken on the spinner shaft with an empty speci- 
men cube. The routine measurement Sequence was 
followed. Readings are tabulated according to 


spin axis. Standard deviations are also shown. 
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TABLES 7 «iA 


Observations with shaft and empty specimen holder (Axis 1). 
All readings are in mks units. 


712 ni2 W712 
Reading z Q a ee [Q-Q] [X-xX] 
mumbex  (10em@) (10>) (1085) (10h) (10=%b)° ye gRety 


1 445 206 490 900 144 1024 
2 406 189 448 81 25 100 
3 416 182 454 1 144 16 
4 424 184 462 1 100 16 
5 406 187 447 31 49 121 
6 402 182 441 169 144 289 
7 433 200 477 324 AS 361 
8 406 193 449 31 1 31 
9 404 203 452 121 81 eye 
10 427 194 469 144 0 121 
11 402 199 449 169 25 31 
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Ve) 431 205 477 256 10 ye! 
14 425 180 462 100 196 ie 
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Observations with shaft and empty specimen holder (Axis 2). 
All readings are in mks units. 
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Observations with shaft and empty specimen holder (Axis 3). 
All readings are in mks units. 


Reading 
number 
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For the vector sum the average noise is 1.49 x Ome mksu. 
The salient theoretically-predicted and observed noise 
levels are shown in Figure 7.3. 

For routine measurements, the shaft signals are 
recorded with the specimen cube in its three positions. A 
sequence of five to ten rock specimens is then measured. 
After this the empty-shaft measurements are repeated. If 
they are within normal fluctuation limits of the previous 
set, the means of the two are used as corrections to be 
deducted from the readings taken with the rock specimens. 
If they should show a large variance with the preceding 
set, any intervening rock measurements of sufficiently low 
amplitude are discarded. The specimen cube is then cleaned 


and another set of readings is attempted. 


7.3 Instrument Output for a General Susceptibility Matrix 


If a process has aligned the magnetic crystal or 
grain axes in a rock, or there exists a statistical align- 
ment of crystal or grain axes, then bulk specimens will be 
anisotropic. Assuming linear, reversible magnetization of 
the specimen, the magnetization along a set of three 


orthogonal coordinate axes is 
M, = XyH, + KyH, + Ky, 
2 onl 
MW 2 hel ae Gla ae) Gelnb, (G7eal) 


3 = Ky, + KH, + K,,H, 
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Figure 7.3 A comparison of theoretically-predicted 
thermal noise levels with levels of noise 
and interference observed in the 
instrument. Power mains noise is wideband, 
before phase-sensitive detection. Other 
noise is measured with a bandwidth of 


0.03 Hz, or is predicted for’ that bandwidth. 
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Figure 7.4 shows the generalized magnetization and applied 
field vectors, as well as the coordinate axes of standard 
Specimens. Suppose the field is applied in the x, Gdirec= 
ELomoeeloen He [H,, 0, 0]. | Therefore: 


M, = «,,H (direct component) 


(ia 


= 
i 

x 

aE 


\ (transverse components) 


Mb SS H, 


The anisotropic susceptibility is a property of the speci- 


men and is a tensor of second rank: 


Ki, 12 Shoes 
A Na Ky, K, Ko, (7-3) 
31 32 Ks 
where i, j} = 1, 2, 3 refer to the three axes about which 


the specimen rotates. The matrix is symmetrical about 


the diagonal. Hence: 


x 
Il 
x 


13 31 Cian 


When a specimen is rotated in the (i,j) plane, 
with the i-axis aligned with the shaft reference mark and 
perpendicular to the applied field at time ft = 0, the 


Magnetic moment of the specimen is 
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Figure 7.4 Generalized magnetization and applied field 


vectors. 
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VH 1 
=. = 2 2 "% 
iG Se <a Sy SO a Ak} cos 2(wt + 57 ) 
(Fr) 
2k. 
Sin 26- = (7263) 
j 2 2% 
{ (kK; ~K, + 4K; ig 
ie 
cos 26- = (Tea) 
ae LL OR SORT, PIE e 
ij 2 2).% 
HE iy cP ee 
where: V = volume of specimen 
H = applied field intensity 
6- = phase angle of x; in the rock with 


respect to maximum susceptibility 


The ij subscript is used to distinguish the terms involved 


from tensor elements. 


Let wt = 0 and 85 = arbitrary. Then Eq. 7.5 
becomes: 
VH 2 Y, 
oy pak = 217 os 
my; = rare CAE Ke) + 4k; (am Cos 2 65 (7.8) 


One can now substitute Eq. 7.7 to obtain: 


m-=-—— (KK. -K.. ) (7-39) 


This is the in-phase output. Call it I;. 
Similarly, letwt = 7/4 and 6; = arbitrary. 
Then from Eqs. 7.5 and 7.6 one obtains: 
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=VHk;, Us LO) 


This is the quadrature output. Call it Q; - Thus from 


EQS -telis Seance Us 


21- 

K.— Ki = pore ke at (ioe 
VH 

K = mee Giles 
: VH 


Spinning the rock specimen about its three 


orthogonal axes will yield the following set of measured 


values: 
A, =K,-X,, K,, 13 
K,, A, =H, 7 Ky K,, (ae) 
Ky, Ky A, = K,,—K 


One then measures bulk susceptibility K 


_— Kayo t Root K 
Mima as 22 te (7.14) 
3] 


Thus one gets: 

LSs =K + =(A,- A,) 
Ky =K + =(A,- A, ) (7.15) 
Kags Kanth (Agee Av) 


This, then, yields the susceptibility matrix of Eq. 7.3. 


- 


aa 


a 
— : 


ek 
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In order to determine the principal suscepti- 
bility magnitudes and directions, we must transform this 


latter matrix into a diagonal matrix: 


K, 0 0 
[IK] = 0 K, 0 (7.16) 
0 0 K 


Here KX, K,, andwxpeareqgtheeprincipal susceptibilities) 
and the coordinate system of the transformed matrix 


defines the orientation of the susceptibility ellipsoid. 


7.4 Geometrical Representation of a Tensor 


A tensor can be usefully represented by a 
second-degree surface ellipsoid or hyperboloid (Runcorn, 


1967). This surface is defined by: 
KAXaX: =] (yee ey) 
For a symmetrical tensor this becomes 


2 2 2 
+ eRe 
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When referred to the principal axes, Eq. 7.18 becomes 
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Thus the semi-axes of the representation surface have 
lengths 1A/K," 1A/K," and 1AYK,° TRU Se Leese ey ai K. 
are poSitive, the surface is an ellipsoid. 

Following the derivation by Runcorn (1967), it 
is seen that the susceptibility ellipsoid has two useful 
properties: 

tf) The length of the radius vector is the 

inverse square root of the susceptibility 
in thet direction. 

2. ) Liv che vapplied field (ustan the direction oo. 

a radius vector extending from the center 
of the ellipsoid to a point P on its surface, 
then the normal at P is parallel to the 


magnetization. 


7.5 Calibration 


The in-phase and quadrature outputs of the 
instrument are calibrated with a standard solenoid having 
n turns, cross-sectional area A, and resistance R. The 
method is similar to one using wire loops described by 
Noltimier (1964). 

Let the solenoid axis be aligned with the 
shaft reference mark. The solenoid is spun in the (i,j) 
plane with its axis normal to the applied field at time 


t = 0... The voltage induced in the solenoid as it spins 
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is then equal to 


ties See OL}, Sino) 


dt 


= -nAw,B, cos at | (7.20) 


where B, is the bulk flux density in the specimen gap. 
The coil is terminated by a fixed resistance, normally 
that of a precision resistor connected across the coil. 
This resistance is assumed to be much larger that the 
reactance of the coil at the signal frequencies used. 


Then the solenoid current is 


Wie hls “ 
(= 
R 
nAw, B, cos a,t 
Sl ener ae Te RSA 
R 
Therefore the induced magnetic moment is 
m =niA 
L L 
2 
nA w,B, 
=- —— cos o,f G7. 22) 
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The sensing coils "see" only the component of magnetic 


moment parallel to the applied field 
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2 
n'Aw,B, 
= - sin 2w,t (Jeo) 
2R 


The angular relationships of flux ¢, voltagee, , current 


L 


i, and moment m, are shown in Figure 7.5. It can be seen 


that m, is maximum for the quadrature output (wt= 7/4). 


Therefore: 
tf =o 
G 
n? AaB, (7-324)) 
a, 25 
2R 


The values of n,A, and R are, of course, known parameters 
of the standard solenoid. The angular velocity of the 
shaft, @, , is readily measured. The specimen-gap flux 
density may either be measured independently or it may 

be calculated from observations taken with the standard 
solenoid. 

One standard solenoid which was made for cali- 
bration has 50 turns, a diameter of 2.29 cm, and a series 
resistance of 3400 ohms. From inductance tables by Grover 
(1946) it is seen that the coil has an inductance of 42.9 
mMicrohenries. Its reactance at 100 Hz is therefore 0.027 
ohms and is completely negligible in view of the large 
series resistance. 

In order to calibrate the spinner, one turns the 
shaft housing in its mounting cradle while the shaft spins, 


until the in-phase output is zero and the quadrature output 
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Figure 7.5 The angular relationships of flux @, induced 
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L’ L 


380 


wt 


Soa 


is negative. The instrument is then calibrated for phase. 
It is calibrated for amplitude by comparing the observed 
quadrature output with that given by Eq. 7.24. ‘This 
establishes the ratio between an output voltage and the 
magnetic moment which produces it. Then, from Eqs. 7.11 
and 7.12 one can establish a ratio between output voltage 
and susceptibility anisotropy. 

In order to calculate bulk field B,, one places 
the standard solenoid in alignment with the signal coils 
(i.e. with its axis parallel to the applied field if the 
Signal coils for parallel magnetization are being used). 
While keeping the solenoid stationary, a current 
i, sin 20 tjfis passed through it. Then the solenoid has 


0 
a magnetic moment 

m= nipAsin 20,1 (7.25) 
Phen Combining wos. #/ 237 and ulowo mi tC LoLlows Jebhat 


m7 2ioR 


B, =p (7226) 


Since both magnetic moments m,” and m,- have equal fre- 


L 


quency, the ratio of the moments is simply the ratio of 


their respective maximum output signals. Thus 


eel (7.27) 
nAw, 


signal with rotating solenoid re R 


Signal with stationary solenoid 


The maximum gap induction was thus found to be 0.125 tesla. 
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7.6 Correction for Orientation of the Specimens in the 


OUECEOD 


A computer program which derives principal 
Susceptibility magnitudes and directions from the output 
and calibration information outlined in Sections 7.3 and 
7.5 was written by Dr. D. I. Gough. The directions are 
given by an azimuth measured clockwise from the downdip 
direction of the specimen, and a dip measured downward from 
the specimen's downdip direction. A transformation is 
included which expresses directions also in terms of the 
North-West-vertical field coordinate axes. 

Figure 7.6 shows a specimen having generalized 
orientation with respect to the field coordinate axes. 
The measured susceptibility vector K shown in Figure 7. 7 
has directional cosines 4, m, and n relative to axes 
referred to the specimen axis and marks. Then the horiz- 
ontal projections of A and m, and the vertical projection 


of n onto the field horizontal plane and vertical axis are 


We =, Lcosd’ +o msind 


; mcosd - £sind (7528) 
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If the horizontal projection L of the down-dip component 
makes an angle @ with North, measured clockwise from North, 
then the directional cosines of K on North-West-vertical 
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Figure 7.6 A rock specimen having generalized orientation 


with respect to the field coordinate axes. 
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Figure 7.7 The measured susceptibility vector K and its 
components in three reference frames: 
1. Strike, dip, normal-to-bedding. 
2. OC LIke, NOrtzOntalspLovTecelon OL dap, 
vertical. 


3. North, west, vertical. 
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° . ease . . . 
Relative to the specimen axes, K has an inclination, 


positive downwards, of 


6, = - sin m (7.30) 
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7.7 Comparison with Torque-meter Measurements 


A set of nine specimens which had been measured 
on torquemeters were kindly provided by Dr. W. H. Owens of 
the University of Birmingham. The directional information 
provided by the torquemeters, both low-field and high- 
field, and the spinner are shown in Figures 7.8 A, B, C 
and D. The observed lineation, foliation, and other 
characteristic amplitude parameters are compared in Table 
A-1l in Appendix 1. In general, very good agreement with 
the torquemeter readings was obtained. 

It will be seen that for the NIB specimens (all 
alpha-numeric specimen designations are Dr. Owens') the 
readings from the spinner agree quite well with those from 
the low-field torquemeter. The high-field torquemeter 
values, however, agree with neither. For the KA13 speci- 
mens, in contrast, there is agreement with the high-field 
values. These results are not Surprising since the field 
employed in the spinner (0.125 T) is intermediate between 
the field in the low-field torquemeter (0.01 T) and that 
in the high-field torquemeter (0.50 T). For the SI and 
SF specimens both torquemeters and the spinner are sub- 


stantially in agreement. 
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Figure 7.8 Directional plots of the maximum, intermediate, 

and minimum susceptibilities of the specimens 
supplied by Dr. Owens. Suffixes H, L, and S 
indicate whether the measurement was made with 
the high-field torquemeter, low-field torque- 
meter, or spinner magnetometer, respectively. 

(A) SI specimens 

(B) SF specimens 

(C) NIB specimens 


(D) KA13 specimens 
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394 
7.8 Measurements on Cardium Specimens 


A suite of specimens was collected from the 
Cardium Sandstone formation of the Rocky Mountains 
foothills. It was initially tried to make measurements 
on these Specimens using Dr. J. W. Graham's A.C. bridge 
spinner instrument. However, it was found that many of 
the specimens produced signals not much greater than the 
noise level of the instrument and proper measurements 
were therefore impossible. 

The directional values, as measured by the 
new Spinner are listed in Appendix 2. The amplitude 
parameters are given in Appendix 3. The fold which was 
sampled is shown on the map in Figure 7.9. It was noted 
that the susceptibility maxima and intermediate values 
were scattered around the bedding plane, while the minima 
clustered about the normal to the bedding plane. This 
is commonly seen with sedimentary rocks. To examine 
the output for any correlation with the deformation pattern, 
the specimens were divided into groups according to which 
limb of the fold they came from (refer to map). It was 
then seen that there was a very strong clustering of 
the susceptibility maxima as referred to the specimen axes. 
This implies that the deformation had a major effect on 
the susceptibility patterns. The correlation of the 


maxima with the down-dip direction of the specimen, rather 
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Figure 7.9 Map showing locations from which the Cardium 


Sandstone specimens were taken. 
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than with field orientation implies that gravitational 
effects during or subsequent to folding contributed to the 
grain-aligning mechanism. These effects are possibly 
related to the gravity-sliding mechanism proposed by 

Graham (1966). Since the orientation of the maxima with 
respect to the dip is not constant along the fold, it seems 
that another aligning mechanism is superimposed on the 
gravitational one. Perhaps the original depositional align- 
ment was involved in this way. The maxima for limbs 1, 2 
ana 3 OL the fold are shown in Figures 7.10, 7.11 and We, 
respectively. 

The orientation of all susceptibility minima and 
intermediate values for specimens having q less than unity 
are shown in Figures 7.13 and 7.14. For those specimens 
having q greater than unity, the minima and intermediate 
values are not well defined and show considerable scatter. 
It is worth noting that the six minima not included in the 
tight cluster about the bedding normal are located in the 
bedding plane, rather than being randomly distributed. For 
these specimens, the intermediate values are aligned with 
the normal to bedding. All maxima observed lie on or near 
the bedding plane. Possibly two grain alignment mechanisms 
were involved and one or the other tends to be dominant. 
Alternatively, the grain alignment mechanism might have 
permitted the short axes of grains to have two stable 


orientations, or, more likely, one stable orientation and 
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Figure) 7.0 


Directional plot of susceptibility maxima 
of specimens from Limb 1 of the fold. 

The maxima cluster about a direction about 
45° counter-clockwise from the down-dip 


direction. 
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Figure. j.ld 


Directional plot of susceptibility maxima 
of specimens from Limb 2 of the fold. 

The maxima cluster about a direction 
approximately parallel to the down-dip 


direction. 
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PLOUGH «ic 


Directional plot of susceptibility maxima 
of specimens from Limb 3 of the fold. 
The maxima cluster about a direction about 


45° clockwise from the down-dip direction. 
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Bigure 7.13 


Directional plot of intermediate values of 
susceptibility of the Cardium Sandstone 
specimens. Most intermediate directions 
are in the bedding plane, with a few 


clustering about the normal to bedding. 
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Figure 7.14 


Directional plot of susceptibility minima of 
the Cardium Sandstone specimens. Most of the 
directions of minimum Aneesh ky cluster 
around the normal to bedding. A few minima, 


however, appear near the plane of bedding. 
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One which was metastable. 

All specimen numbers with suffix "W" indicate a 
second core from a single block sample. Thus two cores 
having the same numerical designation were in essentially 
the same bedding plane and were quite close together in 
the rock formation. They should therefore have essen- 
tially the same susceptibility parameters, at least if 
the magnetic fabric is an extensive one. It can be seen 
from Figures../..10 ,through,./.14 thatethere is excellent 
agreement between the orientations of the susceptibility 
ellipsoids of such core pairs, usually within a few 
degrees. Appendix 3 shows that the amplitude parameters 
derived from the susceptibility ellipsoids of these 
Specimen pairs are, in general, closely comparable. 

This is not intended to be a definitive study of 
this rock exposure, but only to be a test of the practical 
utility of the instrument. The results demonstrate that 


further work on the Cardium Sandstones should be rewarding. 
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cross-sectional area (m?) 
major semi-axis of a grain (m) 
diameter (m) 

magnetic induction (T) 

minor semi-axis of a grain (m) 
Capacitance (F) 

mechanical compliance (m/N) 
load coefficient (numeric) 
velocityaofaesound injair (m/s) 
diameter (m) 

half-depth of specimen gap (m) 
energy (J) 

electrical potential (volts) 
force (N) 

frequency (Hz) 

magnetic foliation (numeric) 
magnetic field intensity (A/m) 
air bearing clearance (m) 
thickness (m) 

axial length (m) 

alignment factor (numeric) 


moment of inertia (kg- m? ) 
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in-phase induced magnetic moment (A-m?) 
electric current (A) 
intensity of induced magnetization (A/m) 
gauge pressure ratio (numeric) 
effective spring constant (N/m) 
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D7a) 
inductance (H) 

noise-field leakage (numeric) 

magnetic lineation (numeric) 


length (m) 


number of Barkhausen transitions between zero 
magnetization and saturation (numeric) 


mutual inductance (H) 

mass (kg) 

magnetic moment (A-m?) 

mass (kg) 

demagnetizing factor (numeric) 


number of laminations in a magnetic circuit 
element (numeric) 


number of turns in half of the helix (numeric) 
number of turns on solenoid (numeric) 


number of randomly distributed magnetic grains in 
a rock specimen (numeric) 


pressure (N/m?) 
power (W) 
prolateness factor (numeric) 


pressure (N/m?) 
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fat. of energy SLOreQ, ne aetuneamc Youle acoetic 
energy dissipated per radian at resonance (numeric) 


quadrature induced magnetic moment (A-m? ) 
filling factor (numeric) 

eleceric charge (C) 

ratio of lineation to foliation (numeric) 
Magnetic reluctance (A/Wb) 

reflection loss (dB) 

electrical resistance (ohms) 

general linear dimension (m) 

radius (m) 

stress (N/m?) 

insertion loss (dB) 

standard deviation (units of measured quantity) 
torque (N-m) 

absolute temperature (°K) 

time (s) 

lamination thickness (m) 

volume (m3) 

electrical potential (volts) 

spectral power density (W/Hz) 

width (m) 

general linear dimension (m) 

Young's modulus (N/m? ) 

radial dimension (m) 

impedance (ohms) 


axial dimension (m) 
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rate of attenuation (dB/m) 

ang lesOE Central disc of Airy pattern (rad) 
hydrodynamic factor (numeric) 

radius of gyration (m) 

skin depth (m) 

residual loss angle (rad) 

volume fraction of specimen which is magnetic (numeric) 
permittivity of free space (F/m) 

anisotropy factor of a grain (numeric) 
angle between two directions (rad) 
magnetic susceptibility (numeric) 
wavelength of light (m) 

Magnetic permeability (H/m) 

initial relative permeability (numeric) 
reversible relative permeability (numeric) 
viscosity (kg/m-s) 

leakage factor (numeric) 

resistivity (ohm-m) 

density of air (kg/m) 

density (kg/m?) 

Poisson's ratio (numeric) 

torsional rigidity (N-m/rad) 

magnetic flux (Wb) 

intrinsic magnetic susceptibility (numeric) 
magnetic potential (A) 


angular frequency (rad/s) 
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